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INTRODUCTION 


Rhizopus soft rot (Rhizopus nigricans Ehr. and R. tritici Saito), 
surface rot (Fusarium oxysporum Schl.), Java black rot (Diplodia 
tubericola (Ell. and Ev.) Taub.), charcoal rot (Sclerotium bataticola 
Taub.), and fusarium end rot, caused by species of Fusarium (includ- 
ing F’. orysporum), are the principal storage diseases of sweetpotatoes 
(Ipomoea batatas (L.) Lam.), and they have received major considera- 
tion in this paper.’ The factors affecting the invasion of the tissue 
of sweetpotatoes during storage by fungi other than those listed 
above have also received some attention. 

The object of the present investigation was to study the effect of 
the following factors on infection and decay of sweetpotatoes by the 
storage rot fungi just mentioned: Presence or absence of the path- 
ogene, infection and decay by other fungi, amount of inoculum, 
wounding, suberization, periderm formation, temperature, humidity, 
and time. These factors will be considered in connection with the 
various diseases. A study was made also of the effect of temperature 
on the growth of Diplodia tubericola and Selerotium bataticola in 
culture media. The investigations were made in Washington, D. C., 
and at the Arlington Experiment Farm, Rosslyn, Va. 


REVIEW OF LITERATURE 


Rhizopus tritici and R. nigricans are unable to attack or penetrate 
(5, 11) the unbroken skin of the sweetpotato. When roots are 
wounded these fungi are able to dissolve the middle lamellae (3, 4, 5) 
of the cells beneath the skin, thus separating the cells and disin- 
tegrating the tissues. Hauman-Merck (7) found that R. nigricans 
(Mucor stolonifer Ehr.) was unable to pass through cork formed in 
wounded sweetpotato tissue. Weimer and Harter (13) showed that 
a wound periderm was an effective barrier against infection of sweet- 
potatoes by R. tritici. They observed periderm formation over a 
range of temperature from 19.5° to 33° C. at relative humidities 
ranging from 95 to 97 percent. A periderm was not formed at a low 
humidity (percentage of relative humidity not given). They also 
observed that suberization preceded periderm formation. 

! Received for publication Oct. 12, 1934; issued April 1935. 

? Formerly pathologist, Division of Fruit and Vegetable Crops and Diseases, Bureau of Plant Industry 

* Although black rot (Ceratostomella fimbriata (Ell. and Hals.) Elliott) is a serious storage trouble, it is 
also a field disease of some importance and in this respect is distinguished from the foregoing storage 
diseases. Some of the factors affecting its initiation and development in storage have been considered in 
& previous publication (8).‘ 
‘ Reference is made by number (italic) to Literature Cited, p. 329. 
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A definite relation has been found between infection by Rhizopus 
(12) (which probably included both R. be and R. nigricans) and 
ie humidity at a temperature of 23° C. 

Artschwager and Starrett (/)® made an Si study of suberiza- 
tion and periderm formation as influenced by temperature, air humid- 
ity, and time. Their work was an outgrowth of the present investiga- 
tion and was run under the same conditions and in conjunction with 
some of the infection experiments. The range of temperature at 
which suberization and periderm formation took place extended from 
12.5° to 34.8° C. This lower temperature limit for cork formation is 
7° below that obtained by Weimer and Harter (13), who, however, 
did not employ temperatures between 11.2° and 19.5°. No effort was 
made to determine the upper limit of periderm formation. In the 
Artschwager-Starrett experiments periderm formation took place in 3 
to 5 days at temperatures above 18° (combined with high humidity), 
at 18° in 6 days (not included in published data), at 14.7° in 11 days, 
and at 12.5° only after 25 days. Suberization was found to precede 
periderm formation, and suberization as well as periderm formation 
was found to be related to the percentage of humidity at which the 
roots were stored. At a temperature of 12.5°, suberization and 
periderm formation were not obtained at a relative humidity below 
93 to 94 percent. At 23°, suberization was not obtained below 76 per- 
cent relative humidity nor periderm formation below 87 percent 
within the limit of 10 days. At 28°, suberization occurred at relative 
humidities ranging from 66 to 95 percent; periderm, however, was not 
formed within 11 days at 66 percent relative humidity. It will be 
seen from these data that the higher the temperature the wider was 
the range of humidities at which both suberization and periderm 
formation took place. 

Wounding and curing (9) have been shown to be important factors 
affecting infection of sweetpotatoes by surface rot (Fusarium 
oxysporum). 

It has been suspected at times that invasion and possibly infection 
by certain storage-rot organisms may have been secondary to infec- 
tion and decay by other fungi. Forms of Fusarium sometimes in- 
vade (2) mottle-necrosis lesions caused by species of Pythium. Forms 
of Fusarium also (10) invade lesions produced by such organisms as 
Mucor racemosus Fres., Botrytis cinerea Pers., and Alternaria sp. at 
temperatures ranging from 0° to 5° C., when the infected roots are 
stored at storage-house temperatures (10° to 15°). 

At the inception of the present investigations, little information 
was available regarding the factors influencing the infection of sweet- 
potatoes by Diplodia tubericola and Sclerotium bataticola. D. tuber- 
icola (6) had been observed to infect sweetpotatoes through wounds, 
more readily in an open than in a closed vessel, to cause infection at 
temperatures of 12.2° to 13.5° and 34° to 35° C. more readily at the 
higher than at the lower temperature, and to completely decay 
roots in 4 to 6 weeks. S. bataticola (6) had been observed to infect 
sweetpotatoes through wounds and to completely decay roots in 
3 to 6 weeks. 


5 To rectify any misconception that may have arisen as a result of statements in the introduction and in 
footnote 7 of the paper here cited (/), Artschwager has submitted the following: ‘“‘The impression given 
by us, through the omission of a corrected statement, that our work consisted of more than a histological 
study of the materials furnished by J. 1. Lauritzen is hereby corrected.” 
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MATERIALS AND EQUIPMENT 


The Yellow Jersey (Improved) (9) variety of sweetpotato was used 
in most of the experiments and the Porto Rico and Nancy Hall 
varieties were used in a few. The roots of all three varieties were 
grown and stored at the Arlington Experiment Farm, Rosslyn, Va. 

In the experiments dealing with rhizopus soft rot, surface rot, and 
fusarium end rot, the sweetpotatoes were not inoculated and infec- 
tion depended upon the pathogenes present on the roots. In the 
Java black rot and charcoal rot experiments, as well as in the tem- 
perature-growth experiments, Diplodia tubericola and Sclerotium 
bataticola isolated from sweetpotatoes were used. 

The following storage space was employed in these experiments: 
Infection chambers 3 by 3 by 2 feet high (11), insulated rooms 8 feet in 
each dimension, and insulated cold-storage rooms 8 by 14 by 11 feet 
high. 

The desired temperatures were obtained by heating (with electric 
heating coils) either the normal air or air cooled by refrigeration, and 
the temperature was controlled by electric thermoregulators. The 
relative humidity was controlled by the use of calcium chloride or 
water in evaporating pans, and by commercial humidifiers in the case 
of two of the large rooms when a high humidity was desired. 


RHIZOPUS SOFT ROT 
INFLUENCE OF TEMPERATURE AND HUMIDITY ON INFECTION 
INFLUENCE OF HuMIDITY ON INFECTION AT 23° C. 


In an earlier study (/2) on the relation of humidity to infection of 
sweetpotatoes (Yellow Jersey) by Rhizopus at a temperature of 23° C., 
it was found that as the relative humidity fell from a range of 93 to 
99 percent to a range of 76 to 84 percent the percentage of infection 
increased from a range of 10 to 21 to a range of 88 to 100 and decreased 
as the humidity continued to fall. At relative humidities ranging 
from 48 to 53 percent the percentage of infection ranged from 23 to 
25 percent. It was found that a protective layer of tissue was formed 
over wounds in the uninfected roots exposed to the higher humidities 
that limited infection when these roots were stored at any of the 
humidities from 48 to 95 percent, while most of the uninfected roots 
from the lower humidities became infected when stored at humidities 
of 84 to 95 percent. In the suberization-periderm studies of Artsch- 
wager and Starrett (/), at a temperature of 23° relative humidities 
of 49, 65, 76, 87, and 95 percent were employed. The duration of 
storage at these humidities was 10 days. Suberization occurred at 
the 3 highest humidities only. A periderm was formed at the 2 
higher humidities but not at the 3 lower. It will be seen, therefore, 
that periderm formation takes place within the range of humidities at 
which the infection barrier was developed in the Lauritzen-Harter 
experiments (1/2) and without doubt is the barrier involved. (The 
humidities employed in the suberization-periderm experiments (1) 
were too limited to determine exactly the range of humidities at which 
these processes occur.) Data confirming this conclusion were 
obtained in connection with the suberization-periderm experiment 
(table 1)° of the present investigation. 





* The roots in this experiment were halved longitudinally in the same fashion as in the earlier experi- 
ment (/2), and were stored without inoculation. 
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TABLE 1.—Influence of humidity at a temperature of 23° C. on suberization and 
periderm formation and on the infection by Rhizopus of sweetpotatoes' during 
10 days’ storage 

[19 roots used at each humidity] 


Temvers wile Relative i Suberiza- | Periderm 
lremperature (° C.) humidity Roots infected tion 2 iesemation * 
Percent Number Percent 
23.0 95 | 3 16 + 
23.0 87 3 16 4 
23. 6 76 19 100 + 
22.8 65 0 0 - ss 
23.0 49 0 0 —| - 


1 The sweetpotatoes (Yellow Jersey Improved) were harvested Oct. 6 and 7, 1927, cured for 10 days at 
temperatures of 26° to 29° C., and stored at 10° to 15° and a relative humidity of 90 percent from Oct. 17 
to Mar. 3, 1928 

? Plus or minus signs indicate presence or absence of suberization and periderm formation. 


Although suberization occurred within 4 days at a relative humidity 
of 76 percent, it did not prevent infection. Infection was limited at 
relative humidities above and absent at relative humidities below 76 
percent. 

The fact (/2) that uninfected halved roots first stored at relative 
humidities below 76 percent for a period became infected when — 
for another period at relative humidities above 84 percent (23° C. 
indicates that the limitation of infection during the initial storage was 
at least partly due to the effect of humidity on the pathogenes. 

The foregoing data indicate: (1) That relative humidity above 76 
percent at 23° C. is a factor favoring the development of suberization 
and periderm formation and limiting infection, (2) that suberization 
either is not an effective barrier in preventing infection at a relative 
humidity of 76 percent at 2 ¥ or it does not occur in time to exclude 
the initiation of decay, and (3) that a periderm is an effective barrier 
against infection under thees pn 


INFLUENCE OF HuMIDITY ON INFECTION aT 12° C.? 


It was stated in an earlier report (12) that the results of one experi- 
ment, involving a study of the relation of humidity to infection of 
sweetpotatoes by Rhizopus at a temperature of 12° C., ‘correspond 
with those obtained at 23°, except that the range of infection was 
shifted nearer 100 percent humidity.” In the light of the results of 
later and more comprehensive experiments this statement requires 
qualification, as the apparent resistance to infection in halved roots at 
high humidities at 12° is not as definite and permanent as at 23° and 
will yield greater infection during subsequent storage, especially at 
certain relative humidities. 

Nine * experiments were conducted at different periods of the stor- 
age season during 3 years. The roots (Yellow Jersey Improved) 
were halved longitudinally with a sharp knife and stored at the 
various relative humidities (4 in each experiment) at 12° C. without 
inoculation. After preliminary storage of 9 to 11 days at the different 
relative humidities at 12° C. the roots were subjected to another period 

* Rhizopus nigricans (11) is the pathogene that causes rhizopus soft rot at a temperature of 12° ¢ 


5 The roots used in 2 of the experiments were uncured; those used in the remaining experiments were 
cured for 10 days at a temperature ranging from 25° to 30° C. 
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of storage (11 to 34 days) at various humidities, at temperatures 
ranging from 12° to 15.5°. In 6 out of the 9 experiments the percent- 
age of infection was less during the 10 days’ preliminary storage at 
relative humidities ranging from 91 to 98 percent than at those ranging 
from 62 to 86 percent, with two exceptions (at a relative humidity of 
62 percent in one experiment and 85 percent in the other). By the 
end of the subsequent storage period the percentage of infection was 
generally less in roots initially stored at relative humidities of 93 to 98 
percent than in roots initially stored at the lower humidities. The 
percentage of infection was always less when the subsequent storage 
humidity was above 90 percent. 

The association of an inhibition of infection of sweetpotatoes by 
Rhizopus nigricans with the formation of a suberin layer at relative 
humidities of 94 to 98 percent indicates that suberization is a factor 
limiting infection; however, it is not so effective a barrier as is a peri- 
derm. If periderm formation played a part in inhibiting infection at 
these humidities, it was only during the latter part of the storage 
period. 

The failure of a suberin or periderm layer to form on wounded 
surfaces at the lower humidities explains the heavy infection in roots 
exposed under these conditions. If the relative humidity becomes low 
enough to limit infection, the inhibition is removed as soon as the roots 
exposed to such humidities are stored at the higher humidities (above 
90 percent). This fact will become more evident from the results to 
be discussed presently. 

In roots initially stored at a relative humidity of 93 to 97 percent 
at 12° C., followed by subsequent storage at 12° to 15° and various 
relative humidities, the percentage of infection was lower in the 
experiments started in the early part of the season (before Dec. 22) 
than in those started later. Earlier results (17) show that Rhizopus 
generally is less abundant on the roots early in the storage season than 
later and that freshly dug potatoes become infected as readily as old 
ones when they are inoculated by dipping in a water spore suspension. 


INFLUENCE OF HiGH HvuMIDITIES ON INFECTION aT 12° To 36.5° C. AND OF 
DIFFERENT HvumIpITIEs at 12° 

Data were obtained from two experiments in which longitudinally 
halved, cured and uncured roots (Yellow Jersey) were initially and 
subsequently stored as indicated in table 2. 

With the exception of 2 percent infection at 31° C. during the 
initial storage period, there was no infection by Rhizopus at any of the 
temperatures from 22° to 31° during either the initial or the subse- 
quent storage periods. The results at the various humidities at 12° 
are similar to those already discussed. It should be noted that when 
storage was continuous at relative humidities of 96 and 97 percent 
the infection remained relatively small (5 and 17 percent) throughout 
the experiment, whereas in roots initially stored for 11 days at 96 to 97 
percent relative humidity and subsequently for 20 days at relative 
humidities of 80 and 83 percent the percentage of infection was rather 
high (80 and 40 at 83 and 80 percent relative humidity, respectively ). 
The percentage of infection, however, was not so high as in roots 
originally stored at relative humidities of 82 to 83, 73 to 80, and 60 to 
67 percent, in which it reached 100 percent by the end of 10 days’ 
final storage at 96 to 97 percent relative humidity. 
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TABLE 2.—Influence of temperature and relative humidity on infection of sweet- 
potatoes by Rhizopus ! 


Initial 11 days’ storage Subsequent storage ! 


Storage conditions Storage Total infection 
conditions after 
Roots | Roots 
eile ' *~narimant 9 | used |infected 
Experiment 1 Experiment 2 (total | (total Roots 
for the | for the | > : used 
2exper-| 2exper-| Tem- | Rela- 9 
Rela- | Tem- | Rela- s)'liments)!| Pera- | tive hu- 10 days | 20 days 
‘ : iments)'\iments)'| “yire lit 
lemperature (°C.) |tive hu-| pera- |tive hu- ure | midity 
midity | ture | midity } 
Num- 
Percent ( Percent |Number Percent ( Percent | ber? | Percent | Percent 
51 y2 $1 93 5Y 2 31 y2 58 0 0 
24 y3 | 2 4 | 60 0; 2 | 93 60 0 0 
22.5 3 22 v4 59 | 0 22.5 93 5Y 0 0 
22 95 21.5 94 59 0 22 95 5Y i) 0 
| y2 15.5 95 60 | 3 15.5 92 5Y 3 
12 6 12 97 62 6) 12 96-97 | 38 5 17 
12 82 12 83 | 60 35 | 12 96-97 | 3y 100 
12 73 12 80 | 60 | 47 12 96-97 | 32 100 |. 
12 60 12 67 | 60 8| 12 96-97 | 55 100 
12 97 3 | 12 83 10 | 50 80 
12 97 | 12 80 10 | 20 10 


| 


With the exception indicated in footnote 3, the results given in this table are totals of 2 experiments 
The sweetpotatoes were harvested Oct. 11, 1928. Experiment 1 was started immediately with uncured 
roots; experiment 2 was started Oct. 23, after 12 days’ curing of the roots at 21° to 23° C. 

2 The numbers in this column at temperatures from 15.5° to 31° that do not correspond to the original 
numbers are instances in which the roots were removed from the experiment at the end of the preliminary 
storage period. 

Two lots of the roots originally stored at 12° C. and 97 percent relative humidity were stored subse- 
quently at relative humidities of 80 and 83 percent, respectively. 


There was some Rhizopus infection in roots stored continuously at 
a temperature of 15.5° C. It would seem that at this temperature 
there was a race between wound-periderm formation and infection. 
While Artschwager and Starrett (1) found periderm formation in one 
instance at 14.7° and 94 percent relative humidity in 11 days, it was 
not found in another case at 15.7° and 92 percent relative humidity 
in 10 days. 

Another experiment was run (table 3) in which halved roots were 
first stored for a period of 10 days at a range of temperatures from 
12° to 36.5° C. combined with high humidities at each temperature 
and a range of four humidities (from 68 to 96 percent) at 12°. After 
this period of initial storage, four lots of the uninfected roots from 
each of these combinations of temperature and humidity were stored, 
respectively, at relative humidities of 95, 82, 78, and 68 percent at 
12° for ensuing periods of 10 and 20 days. 

By the end of the preliminary storage period, 5 percent of the roots 
stored at 36.5° C. and a relative humidity of 96 percent and 2 percent 
of those stored at 22° and a relative humidity of 95 percent had be- 
come infected by Rhizopus (table 3). There was no infection between 
22° and 36.5°, during either the initial or the subsequent storage 
periods. There was infection at 15.5° during the initial storage and by 
the end of 20 days of final storage at the three lowest humidities at 12°. 

Some resistance to infection was built up in the roots stored origi- 
nally at 12° C. and a relative humidity of 96 percent and it was main- 
tained more strongly when the storage was continued at that temper- 
ature with approximately the same relative humidity than with 
lower humidities. All the roots originally stored at the 3 lowest 
humidities became infected after a period of further storage at 12° 
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and 95 percent relative humidity. Some of the roots from each of 
these 3 relative humidities remained uninfected when stored at a 
relative humidity of 68 percent, some of those originally stored at the 
2 lowest humidities remained uninfected when stored at a relative 
humidity of 78 percent, and some of those originally stored at the 2 
lowest humidities remained uninfected during the final storage at the 
3 lowest humidities. More of the roots originally stored at 81 per- 
cent relative humidity became infected during the entire period of 
storage than roots from any of the other initial humidities. In this 
experiment temperature and humidity as they affect the host and 
humidity as it affects the pathogene become factors in the infection 
and decay of sweetpotatoes by Rhizopus. When temperature and 
humidity were such as to favor suberization and periderm formation 
(12° to 36.5° combined with high humidities), infection was limited 
because of the difficulty or inability of the pathogene to penetrate the 
suberized or periderm layers. 

Infection at relative humidities of 68 and 78 percent at 12°C. was 
less during the initial storage period than at 81 percent relative hu- 
midity and remained less during subsequent storage periods at rela- 
tive humidities of 68 and 78 percent. In the absence of suberization 
and periderm formation to inhibit infection at humidities of 68 and 
78 percent, it would seem that it was the effect of humidity on the 
pathogene that limited infection during the initial storage, because 
when more moisture (at 95 percent relative humidity) was added to 
the environment the pathogene (Rhizopus nigricans) was able to 
initiate infection and decay. 


INFLUENCE OF HumMipITty ON INFECTION AT 28° To 29° C. 


Seven experiments were run during three storage seasons (1928-29, 
1929-30, and 1930-31) in which roots halved longitudinally were 
stored at 5 relative humidities in each experiment (except one in which 
there were only 4 relative humidities) at temperatures of 28° to 29° C. 
for a period of 10 days, and subsequently at temperatures from 10° to 
16° at various relative humidities for another period of 19 to 31 days 
(table 4). 

The results differed somewhat in the various experiments, for which 
reason they are submitted in detail. The factors that may have 
played a part in producing this variation were (1) the amount and 
uniformity of inoculum present, (2) the number of roots used, and (3) 
the variation of the subsequent storage. 

The relation of relative humidity to infection was less definite in 
experiments run early in the season (experiments 2, 3, and 4) than 
in those run later, with the exception of experiment 5. In this latter 
case the number of roots used was too small to give an accurate 
victure of the effect of humidity on infection. The low relative 
humidity of the subsequent storage in experiments 4 and 5 may have 
played a part in producing the rather large percentage of infection 
in roots initially stored at a relative humidity of 96 percent. It has 
been observed that halved roots, healed over at high humidities, some- 
times crack open in the wounded areas when they are subjected to 
storage at low humidities. Such wounds may give rise to new infec- 
tions. If the results of the seven experiments are assembled and 
averaged in accordance with the initial storage humidities (table 5) 
it will be seen that there was a fairly definite relation between the rel- 
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ative humidity and the percentage of infection. Barring certain 
exceptions, the percentage of infection tended to increase with the 
lowering of the relative humidity. These results indicate that infec- 
tion is inhibited over a fairly wide range of humidities at a temperature 
of 28° to 29° C. as a result of wound healing and that the percentage of 
infection is influenced by the rate of healing. 


TABLE 4.—Influence of relative humidity on infection of sweetpotatoes by Rhizopus 
at 28° to 29° C1 


Initial 10 days’ storage Subsequent storage 


= Rel Rel 
peri tela- m ela- 
ment Dates rem- tive Roots | Roots rem- tive Dura- | Roots 
no pera- /humid-| used |infected| P&T |humid-| tion |infected 
ture ture 
ity ity 
Cc Percent | Number) Percent "< Percent; Days | Percent 
29 95 20 0 10 s4 19 
| 20 91 21 0 10 84 19 0 
Feb. 12—Mar. 13, 1929 29 x3 20 5 10 84 19 5 
| 29 74 18 0 10 84 19 i 
29 66 19 0 10 4 19 26 
28 06 10 | 0 15.5 87 31 0 
28 90 10 | 0 15.5 87 31 | 0 
2| Oct. 11-Nov. 21, 1929 28 78 10} 20 15.5 87 31 20 
| 28 69 10 0 15.5 87 31 | 0 
28 59 10 10 15.5 87 31 10 
| 28 98 | 40) 0 15.5 84 24 0 
28 8 ( 2.5 5.5 8 2 5 
Oct. 11-Novy. 14, 1930. 28 + - = ’ _s o. a | 0 
| 2K 72 40 0 15.5 84 24 | 40 
29 06 10 0 15.5 58 31 50 
| 29 90 10 ) 15.5 os 31 20 
4 | Oct. 25-Dee. 5, 1929 29 87 10 0 15.5 8 31 | 0 
| 29 71 10 20 15.5 os 31 20 
29 63 10 0 15, 58 31 0 
29 96 6 33, 13 50 22 ou 
| 28 SY ti 17 13 50 22 | 17 
Jan. 23-Feb. 24, 1930 28 78 6 17 13 50 22 | 17 
28 69 6 17 13 0 22 | 17 
2s 62 6) 17 13 50 2] 17 
29 06 80 2.5 15.5 92 21 2.5 
| 28 88 80 | 1. O 15.5 92 21 6.0 
6 | Jan. 21-Feb. 21, 1931 28 78 80} 34.0 15.5 92 21 34.0 
| 28 72 80 54.0 15.5 92 21 | 66. 0 
29 62 80 66.0 15.5 92 | 21 | 75.0 
28. 5 96 80 36 16 92 20 36 
| 28.5 &Y 80 20 16 92 | 20 | 21 
7 | Feb. 3-Mar. 5, 1931 28. 0 77 80 48 16 92 20 | 50 
| 28.0 72 80| 64 | 16 92 | 20 73 
29.0 62 80 53 16 92 | 20 60 


Uncured roots were used in experiments 2 and 3, and cured roots in the others. 


Taste 5.—Influence of relative humidity on infection of sweetpotatoes by Rhizopus 
at 28° to 29° C., as based on data in table 4 
Roots infected 
Relative Roots 
humidity used During initial During initial and 
storage final storage 





Percent Number | Number | Percent | Number | Percent 
33 1: 


95-98 246 39 16 
88-91 207 23 11 | 25 12 
83-87 70 2 | 3 | 23 33 
74-78 234 ei};2ni*n 31 
69-72 226 97 | 43 130 | 58 
59-66 205 97 | 47 115 56 


INFLUENCE OF TYPES OF WOUNDING ON INFECTION BY RHIZOPUS AT DIFFERENT 
TEMPERATURES AND HUMIDITIES 

During the seasons 1928-29 and 1929-30, four experiments were 

conducted in which sweetpotatoes (Yellow Jersey) were subjected to 

10 different types of wounding and stored without inoculation at 15 

combinations of temperature and relative humidity (tables 6 and 7) 
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for a period of 10 days and then stored at a common temperature 
and relative humidity for another period. The temperatures and 
relative humidities of the subsequent storage period were as follows: 
Experiment 1, 10° C. and 84 percent relative humidity; experiment 
2, 15.5° and 87 percent; experiment 3, 15.5° and 58 percent; and 
experiment 4, 13° and 67 percent. The duration of the subsequent 
storage was 19, 31, 31, and 21 days, respectively. The number of 
roots stored at each iaitial combination of temperature and humidity 
in each experiment was from 5 to 20, but in most cases 10. In three 
of the experiments the roots were cured and in one they were not. 


TaBLe 6.—Influence of 10 types of wounding on infection of sweetpotatoes by 
Rhizopus at different temperatures and humidities during 10 days’ storage } 





Percentage $ of roots infected at indicated temperatures (°C., above 
and relative humidities (percent, below) 





Type of wounding ? 


| 
35-37 31-32 | 28-29 | 25 21-22 19-21 15-16 | 12 

91-95 88-95 95-965 | 91-04 91-94 89-93 89-95 93-98 
Bruised tip 8.6 11.4 8.0 11.4 46.0 35.3 37.1 40.0 
Bruised side " 19.4 5.7 4.0 23.0 42.9 40.6 28. 6 45.7 
Broken tip 2.8 0 4.0 | 0 0 0 0 0 
Cross section tip- Z shdeattalian 0 | 0 0 0 0 2.9 0 | 0 
Cross section medium._.-- .- 0 0 0 0 0 0 2.9 0 
Cross section half _. ae | 0 0 6.7 | 0 | 0 0 2.5 ». 0 
Longitudinal section shallow-- . 2.9 0 | 0 0 | 2.9 0 | 0 0 
Longitudinal section medium... as 0 0 0 | Oo | Oo | 0 0 0 
Longitudinal section half_.---- ; 4.0 0 0 16. 0 S..9 0 | 24.0 13.7 
Skinned 4 : 


emnit |; 0 0 0 | 0 0; 0}; O 0 


Percentage * of roots infected at indicated temperatures (°C., above) and 


relative humidities (percent, below) 





rype of wounding ? 








} 28-29 28-29 28-29 28-29 28-29 12 12 12 12 
95-96 90-91 | 78-83 | 69-74 | 59-66 | 93-98 | 84-86 | 70-77 | 62-5 
| is 
Bruised tip ene 8.0 | 0.0 0.0 0.0 | 0.0 40. 0 5.7 0.0 2.9 
Bruised side . 4.0 8.3 24.0 0 4.0 45.7 51.4 45.7 20. 0 
Broken tip_-_. sssaiilednaa 4.0 0 4.0 0 0 0 0 0 0 
Cross section tip 0 4.2 0 0 0 0 0 0 0 
Cross section medium. 0 0 0 0 | 0 0 5.7 0 0 
Cross section half. . 6.7 0 0 6.3 0 5.0 20. 0 15.0 | 2.5 
Longitudinal section shallow _| 0 0 0 0 0 0 2.9 0 | 0 
Longitudinal section | | | 
dium ..--- a 0 0 Oo | 0 0 0 14.3 5.0 | 0 
L ongitudinal s section half. | 0 4.9 7.5 | 5.1 2.6 13. 7 24.0 34.0 26.5 
| EEE 0 0 0 0 | 0 0 | 0 0 0 


! The results given in this table were obtained from 4 experiments in each of which from 5 to 20 roots (10 
in the majority of cases) were used for each type of wounding and for each combination of temperature and 
humidity. The experiments were started Dec. 22, 1928, and Feb. 12, Oct. 11, and Oct. 25, 1929, Cured 
roots were used in 3 experiments and uncured roots in lL. 

? For definitions of types of wounding see text below. 

’ The percentages are based on from 35 to 50 roots 


\ description of the various types of wounding follows. (1) One end 
of the roots was tapped on a laboratory desk, bruising the tissue from 
5 to 10 mm deep (bruised tip). (2) The roots at their thickest diameter 
were struck on the rim of a wire basket, thus bruising the root tissue 
to a depth of about 5 to 8 mm (bruised side). (3) One tip end of the 
roots was broken off with the fingers at a point where the root was 
about 7 to 10 mm in diameter (broken tip). (4) One tip end was cut 
off with a sharp knife back we the tip where the root was about 7 to 
10 mm in diameter (cross section tip). (5) The roots were cut in cross 
section about midway between the one tip end and the thickest diam- 
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eter of the root, and the larger portion was stored (cross section 
medium). (6) The roots were halved with a sharp knife in cross section 
(cross section half). (7) A small slice, about 1 to 1.5 cm in diameter, 
was cut from the side of the root between the skin and the outer vas- 
cular tissue (longitudinal section shallow). (8) A slice was taken from 
the side of the Toot to a de pth of about one-fourth of its diameter 
(longitudinal section medium). (9) The roots were halved with a 
sharp knife longitudinally (longitudinal section half). (10) The roots 
were skinned in 2 to 3 places (the number of skinned areas on a root 
was the same in a given experiment) in areas from 8 to 10 mm in 
diameter (skinned). 


Tasie 7.—Influence of further storage at 10° to 15.5° C. and relative humidities of 
58 to 87 percent on infection by Rhizopus of the roots discussed in connection with 
table 6 ! 


Percentage? of roots infected as related to indicated initial tempera- 
tures (°C., above) and relative humidities (percent, below) 


Type of wounding 


91-95 88-95 95-96 91-94 91-94 89-93 89-95 93-98 


35-37 31-32 28-29 25 21-22 19-21 15-16 12 


Bruised tip 8.6 11.4 8.0 11.4 46.0 35.3 40.0 45.7 
Bruised side_. 19.4 5.7 4.0 23.0 42.9 40.0 28. 6 45.7 
Broken tip A 8.3 0 4.0 0 0 0 8.6 2.9 
Cross section tip 0 oO | 0 | 0 0 2.9 0 0 

Cross section medium 0 0 | S74 0 0 0 5.7 8.6 
Cross section half 2.5 0 | 10.0 0 0 0 . 0 | 20.0 
Longitudinal section shallow 2.9 0 0 0 2.9 0 0 0 

Longitudinal section medium 5.5 0 0 | 0 2.7 0 5.7 8.6 
Longitudinal section half. 6.0 0 12.5 18.0 2.0 2.0| 46.0 16.9 
Skinned- - 3 3.3 0 0 0 0 0 0 0 


Percentage 2? of roots infected as related to indicated initial temperatures 
(°C., above) and relative humidities (percent, below) 


l'ype of wounding 


28-29 28-29 <8-29 28-29 28-29 12 lz 12 | 12 

95-96 | 90-91 78-83 | 69-74 | 59-66 | 93-98 | 84-86 | 70-77 | 6:-65 
Bruised tip_- 8.0 8.3 0.0 0.0 0.0 45.7 14.3 0.0 2.9 
Bruised side__--. 4.0 8.3 24.0 | 0 4.0 45.7 54.3 54.3 40.0 
Broken tip 4.0 0 4.0} 0 0 2.9 8.6 0 2.9 
Cross section tip 0 4.2 0 0 0 0 0 0 0 
Cross section medium 0 0 0 0 4.0 8.6 25.7 34.3 | 28.9 
Cross section half 10.0 0 0 9.4 6.7 20.0 47.5 67.5 47.5 
Longitudinal section shallow 0 0 0 0 0 0 11.4 16.7 2.9 
Longitudinal section me- 

dium . 0 0 0 0 4.0 8.6 34.3 47.5 28.0 

Longitudinal section half 12.5 4.9 7.8 10.3 15.4 56.9 72.0 98. 0 84.0 
Skinned soaked 0 0 0 0 0 0 10.0 3.3 0 


The results given in this table were obtained from the 4 experiments discussed in connection with 
table 7. The duration of the storage subsequent to the initial 10 days’ storage was 19, 31, 31, and 21 days, 
respectively. Values are total percentages of infection for initial and subsequent storage periods combined. 

? Based on 35 to 50 roots. 


The results from the four experiments on the presence or absence of 
infection were so similar that it was decided to combine them in order 
to simplify the presentation of the data. There was some variation 
in the percentage of infection under given conditions in a given experi- 
ment but not sufficient to alter the ‘general relations found. Table 6 
shows the percentages of roots infected in the four experiments at the 
end of the initial period of storage, and table 7 shows the percentages 
of infection for the initial and subsequent storage periods combined. 

The data of tables 6 and 7 reveal marked differences in the percent- 
age of infection as correlated with the type of wounding. During the 
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initial storage period at the various temperatures (combined with high 
humidities) infection was more consistently present in roots bruised at 
the tip and in those bruised at the side. By the end of the ensuing 
storage period the same was true in roots bruised at the tip, in those 
bruised at the side, and in those halved longitudinally. Infection was 
more uniformly present in roots with bruised tips and in roots with 
bruised sides than in roots halved longitudinally. Bruising inter- 
feres with healing (13) more than do the other types of wounding, and 
hence favors heavier infection. The higher percentage of infection in 
halved roots than in the other types of wounding, except bruising, is 
believed to be due to the greater area of wounded tissue. No infection 
by Rhizopus occurred on the skinned roots during the initial period of 
storage and very little during the ensuing period. There was either no 
infection or the percentage was relatively small on roots cut in cross 
section at the tip or broken tip either during the preliminary or subse- 
quent storage. In general, the greater the extent of wounded area in 
cut roots the greater the percentage of infection. There was very little 
change in the percentage of infection following the initial storage in 
roots bruised at tip or side and originally stored at temperatures from 
12° to 35° to 37° C. combined with high humidity. In the case of 
roots bruised at tip or side the percentage of infection was higher at 
temperatures ranging from 12° to 22° (combined with high humidity) 
than at temperatures above 22° at the end both of initial and of final 
storage. The initial storage at temperatures of 12° to 16° and high 
humidities generally yielded more infection (table 7) by the end of the 
final storage period in some of the types of wounding (cross section 
medium, cross section half, longitudinal section medium, and longitu- 
dinal section half) than did the initial storage at temperatures from 
19° to 37°. Although generally there was little infection at any of the 
temperatures and humidities during either the initial or ensuing 
storage periods, in roots subjected to types of wounding designated as 
broken tip, cross-section tip, and longitudinal section shallow, it will 
be seen later that temperatures from 12° to 16° were critical in these 
roots as well as in roots subjected to the other types of wounding. 
These results show that temperature combined with high humidity 
limited infection more in cut surfaces than in bruised tissue. In the 
former case cork formation was free to proceed at its normal rate, and 
above 15° to 16° C. this was sufficiently rapid to intercept most of the 
infection. At 16° and below, the rate of cork formation was retarded 
enough to permit of infection (in roots with the larger cut areas), 
which generally increased in percentage (tables 6 and 7) with the 
lowering of the temperature. The infection rate and the cork-forma- 
tion rate curves cross somewhere between temperatures of 15° to 16° 
and 19° to 21°. In bruised tissue healing was inhibited and infection 
took place more or less readily at all the temperatures. The bruised 
tissue, in addition to interfering with healing, forms an excellent matrix 
for the pathogenes (Rhizopus nigricans and R. tritici) to establish a 
foothold in the host tissue. The fact that temperatures above 22° and 
at 28° to 29°, irrespective of humidity, tend to limit infection indicates 
the possibility that some suberization and periderm formation occur 
in bruised tissue at these temperatures. A periderm * has been ob- 


served to occur in bruised tissue at temperatures of 25° and 29°. 
’ Observations made by the writer and L. L. Harter in connection with a study of the effect of tempera- 
tures from 25° to 29° C. in checking decay of sweetpotatoes by Rhizopus nigricans. 
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In these experiments (tables 6 and 7) there was little relation 
between infection and relative humidity at 28° and 29° C., except 
possibly in roots halved longitudinally, by the end of the final storage 
period. Barring the rather high percentage (12.5 percent) of infec- 
tion at relative humidities of 95 to 96 percent, there was an increase 
in the percentage of infection with lowering of the relative humidity. 
Whether the exception was accidental and associated with insufficient 
numbers to iron out individual variations or whether such high humidi- 
ties at 28° to 29° are peculiarly favorable to the activities of the 
pathogenes is not known. Such exceptions have occurred in a num- 
ber of experiments, but in others there has been no infection at all 
at this humidity. This tendency for the percentage to increase with 
the lowering of the relative humidity is correlated with the increase 
in time required for cork formation to take place with the lowering 
of the relative humidity. It would seem that the chances of infec- 
tion are greater and those for complete healing less in longitudinally 
halved roots than in the other cut surfaces because of the greater 
wounded area of the former. The chances for complete healing might 
well decrease to a greater extent in the larger than in the smaller 
wounds with the lowering of the humidity. Infections would then 
be expected to increase with lowering of humidity provided the 
humidity of the ensuing storage did not too greatly inhibit the 
activities of the pathogenes. When the cut surfaces are limited, 
especially in cross section tip and cross section medium, and in 
longitudinal sections shallow and medium (tables 6 and 7), it appears 
that temperatures of 28° to 29° are sufficiently favorable to healing 
to more than counterbalance the retarding effect of an unfavorable 
humidity. 

Artschwager and Starrett (1) obtained suberization at 28° C. at 
relative humidities of 73.5, 82.7, 90.6, and 95 percent within 48 hours 
and periderm formation at relative humidities of 90.6 and 95 percent 
within 96 hours, at 82.7 percent within 120 hours, and at 73.5 percent 
within 144 hours. At 66 percent relative humidity, suberization oc- 
curred in 6 days but no periderm was formed within 11 days. This 
humidity, as well as that of 73.5 percent, probably has some effect on 
the pathogenes inhibiting infection during the initial storage period, 
and since suberization occurred by the end of 6 days it is probable 
that its formation and a possible later formation of periderm may 
have limited infection during the subsequent storage period. 

In roots stored at the various relative humidities at 12° C. the 
different types of wounding had a marked influence on the amount 
of infection. During the initial storage period rather heavy infec- 
tion occurred in roots that had been bruised at tip, bruised at side, 
or halved in cross section or longitudinally. During the ensuing 
storage period the percentage of infection increased quite definitely 
with the extent of wounding in cut surfaces, no infection occurring 
in the cross-section-tip type and the percentage remaining compara- 
tively small in the longitudinal-shallow type. The percentage of 
infection was also relatively small in skinned roots and in roots with 
broken tips. In the types of wounds, aside from roots bruised at 
tip and cross section tip (table 7), the two extremes of relative hu- 
midity at 12° C. (93 to 98 and 62 to 65 percent) generally limited 
infection more during the final storage period than did the adjacent 
intermediate humidities (84 to 86 and 70 to 76 percent). This 
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tendency was also present during the initial storage (table 6) when- 
ever infection occurred. The factor limiting infection at relative 
humidities from 93 to 98 percent was probably suberization and 
possibly periderm formation during the latter part of the final storage 
period. At 62 to 65 percent humidity there was a horny layer 
formed over a cut surface that tended to limit infection unless the 
roots were subsequently stored at high humidity (above 90 percent), 
The relative humidities employed during the subsequent storage 
were 58, 67, 84, and 87 percent. 


CONCLUSIONS 


The following conclusions may be drawn in regard to the effects of 
temperature, humidity, types of wounding, suberization, and periderm 
formation on infection of sweetpotatoes by Rhizopus. (1) Since 12° 
C. is near the lower temperature limit for suberization and periderm 
formation and since these processes apparently occur only at relative 
humidities between 90 and 100 percent (10 and 11 days were required 
for suberization to take place at 12° and a relative humidity of 94 
percent and 7 days at 96 percent, and the shortest period at which 
periderm formation was observed to occur at this temperature was 
25 days), infection by Rhizopus takes place readily at this tempera- 
ture. (2) Since suberization and periderm formation take place more 
rapidly as the temperature is raised above 12° to at least 32°, infection 
by Rhizopus tends to be limited with the rise in temperature within 
the limits specified. It has been shown by earlier work (//) that as 
the temperature is raised above 33° infection takes place more readily 
and occurs even in unwounded roots. The factors involved in this 
increased infection have not been determined. Whether the slowing 
up of the healing processes at temperatures above 32° is a factor in 
ine reased infection is not known. (3) Humidity is more of a limiting 
factor in infection at 23° than at 28° and 29° because if its effect on 
suberization and periderm formation. (4) Bruising, because of its 
effect on suberization and periderm formation, permits of infection 
fairly readily at most of the temperatures (within the limits of those 
discussed) and at most humidities except at 28° to 29°, where there 
was some irregularity of infection at the various relative humidities. 
(5) Infection is correlated more or less with the extent and degree of 
wounding. (6) While low humidities at temperatures of 12° and 23° 
inhibit infection in freshly wounded roots because of their effect on 
the pathogenes, infection takes place readily when the roots are 
returned to humidities above 90 percent. 


SHRIVELING, SUPERFICIAL GROWTH OF PENICILLIUM, AND 
INVASION OF WOUNDED AREAS OF SWEETPOTATOES BY CER- 
TAIN FUNGI AS RELATED TO HEALING, TEMPERATURE, AND 
HUMIDITY 
In connection with the Rhizopus studies, observations were made 

on the effect of 10 days’ initial storage of wounded sweetpotatoes at 

different temperatures and relative humidities on shriveling, super- 
ficial growth of Penicillium, and invasion of wounded areas by certain 
fungi during 47 days of subsequent storage at 10° C. and 84 percent 
relative humidity. The observations were made on the following 
types of wounding: Longitudinal shallow, longitudinal medium, 
longitudinal half, cross section medium, and cross section half (table 8). 
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Temperature during the initial storage period was a factor affecting 
shriveling, largely, it 1s believed, because of its influence on suberiza- 
tion and periderm formation. At temperatures of 22° C. and above 
(combined wita high humidity) there was less shriveling than at 12°, 
15°, and sometimes 19° (combined with high humidity), although the 
saturation deficit was smaller at these temperatures than at the higher 
temperatures. 

Data taken from the experiments under discussion show that suberi- 
zation and periderm formation take place in a shorter time at temper- 
atures from 22° to 32° than at 19° C. and below. Considerable evapo- 
ration of moisture probably took place at the lower temperatures 
before suberization and periderm formation occurred. There was a 
tendency for the number of roots showing shriveling to increase with 
the lowering of the relative humidity at 29°. This increase in shrivel- 
ing was correlated with the lowering of the relative humidity and the 
corresponding increase in time required for suberization and periderm 
formation. Practically all the roots, irrespective of the type of 
wounding, showed sunken areas or shriveling at all the relative 
humidities at 12°. 

The presence of Penicillium and infection were closely associated 
with conditions of temperature and relative humidity during initial 
storage favoring shriveling—conditions that either retarded or did 
not permit of suberization and periderm formation. 

Out of 156 isolations made from infected roots, 47.4 percent yielded 
Penicillium, 21.8 percent Fusarium, 5.8 percent unidentified fungi, 
3.9 percent Alternaria, 1.9 percent Botrytis, and 19.2 percent were 
sterile. Temperature and humidity did not seem to influence the 
occurrence of any of these fungi directly or independently of their 
effect on healing and shriveling. These fungi, except perhaps Fusarium, 
normally are not active sweetpotato pathogenes but invade wounded 
tissue left unprotected by lack of suberization and periderm formation. 


SURFACE ROT 
METHOD OF INFECTION 

Infection of sweetpotatoes with surface rot (Fusarium orysporum) 
takes place chiefly through broken secondary roots, sprouts, and 
wounds produced by skinning. Wounds deeper than those made by 
skinning, if not properly healed, usually give rise to other types of 
decay. Infection through secondary roots generally occurs in freshly 
dug and improperly cured roots. Infection through sprouts is less 
frequent and probably occurs only when the sprouts are broken off, 
injured, or killed in some way. 
RELATION OF WOUNDING, TEMPERATURE. AND HUMIDITY TO INFECTION IN CURED 

ND UNCURED SKINNED SWEETPOTATOES 

Four experiments were conducted during 2 seasons (1928-29 and 
1929-30) in which sweetpotato roots (Yellow Jersey Improved), 
skinned in 2 or 3 places (skinned areas about 8 to 10 mm in diameter), 
were stored at different temperatures and relative humidities for 10 
days and subsequently stored at a common temperature and relative 
humidity for varying periods of time. 

The results of all 4 experiments were so similar that the data from 
only 2 are presented (table 9). In one of these experiments, roots 


The degree of shriveling noted was only estimated, except where the depth of the shrinkage is given, 
and must therefore be regarded as only roughly approximate. 
128001—35 2 
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taken directly from the field and skinned without curing were stored 
at the various initial temperatures and relative humidities; in the 
other experiment, the roots were cured for 10 days at a temperature 
of 21° to 24° C. and a relative humidity varying from 52 to 82 per- 
cent, and were subsequently stored at a temperature of about 10° 
to 15° and a relative humidity of about 73 percent for 115 days before 
skinning and initial storage. The initial and subsequent storage 
temperatures and relative humidities are given in table 9. 

In addition to dealing with the relation of skinning to infection in 
cured and uncured roots, the results recorded in table 9 contain 
data on unskinned uncured roots that are discussed later (p. 303). 

With the exception of the infection that occurred at a temperature 
of 25° C. and 91 percent relative humidity, there was no infection 
in uncured skinned roots initially stored at temperatures from 21° to 
36.5° combined with high humidity. The writer has no explanation 
for the heavy infection at 25°. One infection occurred at this tem- 
perature in 1 of the other 3 experiments, but none occurred in the 
other 2 experiments. There was an increase in the percentage of 
infection as the temperature was lowered from 21° to 12°. 

At a temperature of 28° C. infection occurred at relative humidities 
of 59, 69, and 78 percent; the lower the humidity the higher was the 
percentage of infection. No infection occurred at this temperature 
at relative humidities of 90 and 96. At a temperature of 12° a high 
degree of infection occurred at all the relative humidities. Although 
it w as lower at relative humidities of 86 and 93 percent than at 65 
and 75 percent, this difference involved the absence of infection in 
only one skinned area at each humidity. 


TABLE 9.—Effect of temperature and humidity during 10 days’ storage of skinned 
and unskinned uncured roots and skinned cured roots on the development of surface 
rot (Fusarium oxysporum) during 154 days’ subsequent storage at 15.5° C. and 
87 percent relative humidity in the case of uncured roots and 58 days’ subsequent 
storage at 10° and 84 percent relative humidity in the case of the cured roots ! 


Uncured roots Cured roots (skinned 


| age | 
Initial storage conditions Skinned Unskinned | ees ene 


| 
|Skinned| Depth 


| 
ae 


| 
Aver- | 
Rela- <a Rela- areas | of 
Temperature (° C tive Roots stage Roots | [le sions | La | tive | infected! decay 
7 hu- infected) j fee ted | infected er | ture | hu- 
midity | midity 
awed | | 

Percent | Percent| Percent | Percent | Number °C. | Percent) Percent Mm 
36.5 95 0 0 | 0 0.0 35 91 0 0.0 
31 . 95 0 0 | 0 0 32 | 90 0 | 0 
, 06 0 0} 0 0 29 | 95 | 0 0 
25___- 91 60 50 | 0 o | 25 | 92 0 0 
a 91 | 0 0 | 60 | 5.1 22 o4 0 0 
” a a) 60 50 | 44 2.0 19 | 93 7] 1.02 
16. 89 80 80 70 14.5 15 | 94 | 77 5-5 
12. 93 100 90 100 | 19. 1 12 94 | 90) .5-4 
28 ‘ 96 0 0 0} 0 29 95 | 0 0 
28 90 0 0 10 & 29 91 | 0 0 
2s : Mate 78 | 40) 40) 30 1.7 29 83 10 5 
28 69 80 70 | 90 6.1 29 74 6 
28 59 | 100 100 50 | 4.4 ‘ 
s.. ; 93 | 100 | 90 100} 19.1 12 04 90 { 
a : 86 | 100 | 90 100 | 17.4 12 84 87 ) 
awe ‘ | 75 100 | 100 | 100 | 36.6 12 77 83 5-5 
12 12 66 90 5-4 


65 100 100 | 100; 30.0 











1 10 unskinned and 5 skinned uncured and 10 skinned cured roots were stored at each temperature. The 
skinned uncured roots were each skinned in 2 places, and the skinned cured roots were each skinned in 3 
places. In a few instances roots were removed from the experiments following the initial storage because 
of decay by Rhizopus 
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The results obtained from cured and uncured skinned roots (table 
9) corresponded closely. The percentage of infection at 29° C. and 
74 percent relative humidity was less in cured roots (6 percent) than 
at 28° and 78 percent relative humidity in uncured roots (40 percent). 
In the third experiment (not in table 9), involving relative humidities 
of 63, 71, 82, 90, and 96 percent at 29°, infection occurred only at a 
relative humidity of 63 percent. It will be seen, therefore, that there 
is some variation in infection at the various humidities at 28° and 29°. 
The results, however, are consistent in showing that the lower rela- 
tive humidities involve a greater hazard for infection. 

The results of the four experiments at a temperature of 12° C. show 
heavy infection, ranging from 83 to 100 percent of the wounded areas 
at all four humidities. There was no consistent relation of infection 
to the relative humidity at 12°. 

RELATION OF TEMPERATURE AND HUMIDITY TO NORMAL INFECTION IN UNCURED 
SWEETPOTATOES 

One experiment was conducted in which uncured unskinned sweet- 
potatoes were stored at harvest time at 15 different combinations 
of temperature and relative humidity (table 9) for 10 days and 
then stored at a common storage temperature of 15.5° C. and a 
relative humidity of 87 percent for 154 days. The roots were care- 
fully selected for their freedom from wounds and other defects. 
Most of the infections occurred through broken secondary rootlets, 
some through slight abrasions of the skin, and some through sprouts. 
The results correspond closely with those obtained in roots artificially 
skinned before being exposed to the initial temperatures and humid- 
ities. No infection occurred in roots initially stored at temperatures 
ranging from 25° to 36.5° C. There was a tendency for the percent- 
age of roots infected, as well as the average number of lesions per 
root, to increase with the lowering of the temperature (combined with 
high humidity) from 25° to 12°, although infection was heavier at 21° 
than at 19°. Again, there was a tendency for the percentage of 
infection, as well as the average number of lesions per root, to increase 
with the lowering of the relative humidity at 28°, although there was 
less infection at 59 than at 69 percent relative humidity. One 
hundred percent of the roots stored at each of the four relative 
humidities at 12° became infected. There was little relation between 
the average number of lesions per root and the relative humidity at 
which they were initially stored, although the average number of 
lesions per root was larger at the 2 lower humidities than at the 2 
higher. 

All the results of surface rot experiments show: (1) That the initial 
10 days’ storage largely governed infection with surface rot; (2) that 
the temperatures and relative humidities favorable for suberization 
and periderm formation limited infection; and (3) that the conditions 
of temperature and relative humidity that retarded or prevented 
suberization and periderm formation permitted of various amounts of 
infection with surface rot, depending upon the inhibition of the rate 
of wound-cork formation. : 


FUSARIUM END ROT 


_The rare infection by Rhizopus of roots that had been wounded 
either by cutting or by breaking off one tip end provided an unusual 
opportunity to study the effect of temporary storage at various 
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combinations of temperature and relative humidity followed by sub- 
sequent storage at a common temperature and relative humidity on 
healing and on invasion of sweetpotato tissue by fungi such as forms 
of Fusarium, Penicillium, Alternaria, ete. Infection by Rhizopus also 
was sufficiently limited as a result of temporary storage of roots 
bruised at one tip end to permit a study of infection as related to 
temperature and humidity of the initial storage. 

Five experiments dealing with different types of wounding and 
infection by Rhizopus were run during a period of two storage seasons 
(1928-29 and 1929-30). All three types of wounded roots were 
employed in each of four of the experiments, and roots bruised at tip 
and roots cut in cross section at tip were used in the fifth experiment. 
In one of the experiments uncured roots were used; in the other four, 
cured roots. 

The results of three experiments, all run during different periods in 
the same season and involving roots from the same crop, are shown in 
tables 10 and 11. 

TABLE 10.—Effect of temperature and humidity during 10 days’ storage on invasion 


and infection by species of Fusarium, Penicillium, etc., of uncured and cured 
sweetpotatoes wounded at one tip end of the roots ! 


UNCURED ROOTS (EXPERIMENT 1) 


Initial storage conditions Bruised tip war ross 

Total Total 
Temperature (° C Rey 9 ee depth of — ae depth of 

1umidity use¢ infectec decay ? usec infectec decay 

Percent | Number | Percent Mm Number | Percent \MIm 
B65 95 9 ) 13 8 85 
3 95 i) 0 | 0 20 5 25 
28 96 10 0 0 17 0 0 
25 91 10 30 62 20 0 0 
21 91 10 10 | 6 19 5 73 
1v xv 10 0 0 21 24 20 
16 xo 8 0 0 18 33 27 
12 O38 9 0 0) 20 iO 158 
2S 96 10 0 0 17 0 0 
28 ri) 7 0} 0 20 0 0 
28 78 9 0 0 20 0 0 
2s 69 10 0 0 20 15 419 
25 ag 10 0 0 19 21 59 
12 03 9 0 0 20 iO 153 
12 86 10 0 0 14 29 35 
12 75 10 10 30 20 55 71 
12 65 5 0 0 20 70 228 

CURED ROOTS (EXPERIMENT 2) 
37 93 4 0 0 s 13 40) 
31 o4 4 0 0 10 10 10 
29 96 3 0 0 10 20 37 
25 4 5 20 12 10 0 0 
22 93 d 15 13 

21 90 4 0| 0 5 0 0 
15.5 92 3 0 0 10 60 167 
12 93 2 0 0 10 90 $f 
2v 96 3 0 0 10 20 37 
2y 90 5 0 0 s 13 2 
a 82 ) 0 0 9 0 0 
20 71 ) 0 0 10 20 10 
2v 63 ) 0 0 10 40) 182 
12 93 2 0 0 10 90 fi 
12 85 i 100 45 10 100 157 
12 76 5 80 140 10 100 358 
12 63 10 100 447 


The uncured roots were harvested Oct. 11, 1929, wounded immediately, and stored at various initial 
temperatures and relative humidities for 10 days, after which they were stored at a temperature of 15.5° C 
and a relative humidity of 87 percent for 154 days. The cured roots were harvested at the same time, 
cured for 10 days at a temperature of 29° and a relative humidity of 74 percent, exposed, after being wounded, 
to initial temperatures and humidities for 10 days, and then stored for 142 days at 12.5° and a relative 
humidity of 58 percent 
? Total depth of decay includes decay in all roots. 
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The data obtained from the two types of wounding, broken tip 
and cross section tip, were so similar that the results from experi- 
ments 1 and 2 were summarized together in table 10. The results 
from these two types of wounding were consistent in showing either 
no infection or comparatively small percentages of infection following 
exposure to initial temperatures above 19° C. combined with high 
humidity, the highest individual percentage being 20 at 29° and 96 
percent relative humidity (cured roots, table 10). As the initial 
storage temperature fell below 21° there was in most instances a 
tendency for the percentage of infection to increase (tables 10 and 
11). Infection took place readily in roots subjected to all four 
humidities at a temperature of 12°. The distribution of infection 
as related to the various initial relative humidities at 28° and 29° 
was erratic. 

The results obtained when the roots were bruised at one of the 
root tips are not quite so consistent in their relation to the condi- 
tions of initial storage, although, in the main, infection took place 
more readily in roots subjected to initial storage conditions unfavor- 
able for healing. There is a tendency for bruised tissue to dry out 
in roots that escape infection by Rhizopus. It is possible that the 
drying out may impede the activities of such fungi as Fusarium, 
Penicillium, ete., during the period of subsequent storage long 
enough to permit the process of healing to go on to completion in 
many roots if the environmental conditions of subsequent storage are 
favorable. 

Out of 193 isolations made from roots infected through these 
wounded tip ends, 46 percent yielded forms of Fusarium, mostly of 
the elegans group; 27 percent, Penicillium; 4 percent, Alternaria; 1 
percent, unidentified fungi; 0.5 percent, Rhizopus tritici; 0.5 percent, 
R. nigricans; 1 percent, Mucor; and 21 percent were sterile. Most 
of the lesions resembled fusarium end rot. It is believed that Peni- 
cillium invasion was largely secondary because it was never the soft 
watery type characteristic of the rot normally produced in sweet- 
potatoes by forms of Penicillium. It is believed that the foregoing 
data throw some light on the occurrence of fusarium end rot in 
storage. Its occurrence has remained more or less obscure largely 
because most of the efforts to produce it by artificial inoculation 
have failed. A partial explanation of this failure is probably that 
following inoculation the roots were stored under conditions that 
favor healing. The condition that apparently favors infection is a 
prolonged inhibition of healing. Associated with an inhibition of 
healing is an apparent deterioration of host tissue in the wounded 
areas. It is possible that the deteriorated tissue may assist the forms 
of Fusarium in establishing themselves in the host tissue. 


JAVA BLACK ROT 
RELATION OF TEMPERATURE TO GROWTH OF DIPLODIA TUBERICOLA 


To determine the influence of temperature on the growth of Diplo- 
dia tubericola an experiment was conducted in which 200-ml Erlen- 
meyer flasks, each containing 40 ml of carrot agar, were inoculated 
by placing at the center of the agar a small bit of fungus growth, 
including pyenidia and spores, from a corn-meal culture of D. tuberi- 
cola. Ten flasks were placed at each of a number of temperatures 
(table 12), from 2° to 42° C. All measurements of the diameter of 
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the colonies taken before the growth reached the borders of the agar 
were taken with calipers that were extended down into the flasks. 

No growth occurred in 16 days at temperatures of 40° or 42° C., 
nor in 35 days at 8°. The maximum amount of growth in 1 day 
occurred at 31°. Only slightly less growth occurred at 29°. There 
was a gap of 6° between temperatures 31° and 37°. It is possible 
that the rate of growth may have been greater at temperatures within 
this gap had such temperatures been employed. The fact that the 
amount of growth at 29° was nearly as great as at 31° and that there 
was a marked drop in the amount of decay as the temperature rose 
to 37° would seem to indicate that 31° was near the optimum tem- 
perature for the growth of Diplodia tubericola on culture media. The 
retardation of growth was pronounced as the temperature rose above 
31° or fell below 29°. 


TABLE 12.—I nfluence of temperature on the growth of Diplodia tubericola on carrot 


agar 
Average area of colonies after 
Temperature (° C.) 
1 day 3 days 7 days 11 days 
Mm Mm? Mm Mm! 

2 : ‘ ~ 0 0 0 10 
40) ‘ . ‘ ‘ 0 0 0 10 
37 - 800 ” " 

31 2, 099 
= : y 2, 004 
25 : 866 
O15 7 547 

262 
15 (2) 203 
a 2 e 0 () 210 |.. 

s 0 0 0 30 


There was no growth at 40° and 42° in 16 days 
? Growth just started. 
Chere was no growth at 8° or below in 35 days. 


RELATION OF WOUNDING TO INFECTION 


No experiments were conducted that were especially designed to 
determine the effect of wounding on infection by Diplodia tubericola 
or to test the capacity of the pathogene to penetrate the unbroken 
skin. In the experiments discussed below, the uninjured skin of 
many roots was exposed to inoculum of the pathogene under condi- 
tions that readily induce infection in wounded tissue. The results 
obtained show that normally the fungus does not cause infection 
through the uninjured skin. D. tubericola sometimes invades lesions 
produced by species of Rhizopus and by Mucor racemosus, and pos- 
sibly other lesions. 

TECHNIC EMPLOYED IN STUDY OF RELATION OF TEMPERATURE AND HUMIDITY 

TO INFECTION BY DIPLODIA TUBERICOLA IN WOUNDED SWEETPOTATOES 

The technic employed in the infection experiments with Diplodia 
tubericola and Sclerotium bataticola was developed as a result of the 
experience gained in the experiments already discussed. 

Unlike Rhizopus tritici, R. nigricans, and Fusarium oxysporum, 
Diplodia tubericola commonly is not found associated with sweet- 
potatoes grown in the vicinity of Washington, D. C. Only an occa- 
sional infection has been observed to occur normally. In order to 
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insure uniform infection, wounded roots (cross section tip) '' were 
dipped in a macerated culture of the fungus grown on corn meal. 
This method of inoculation insured the presence of the pathogene on 
the wounded area and at the same time avoided rewounding during 
the process. Such a precaution was necessary in the wound-healing 
studies that follow. This method of wounding lent itself admirably 
to the study of the environmental conditions under which infection 
occurred. Infection by the species of Rhizopus in this type of wound- 
ing was rare, and the slowness with which invasion by Fusarium 
occurred enabled such pathogenes as Diplodia tubericola and Selero- 
tium bataticola, when present, to establish themselves in such unhealed 
wounds whenever the temperature and humidity were favorable. 

INFECTION IN SWEETPOTATOES INOCULATED WITH DIPLODIA TUBERICOLA WHEN 

FRESHLY WOUNDED AND IN THOSE INOCULATED AFTER 10 DAYS’ STORAGE AT 

VARIOUS TEMPERATURES AND HUMIDITIES FOLLOWING WOUNDING 

Five experiments were conducted which were designed to yield 
information regarding the following questions: (1) Do sweetpotatoes 
change during the storage season in their susceptibility to infection 
by Diplodia tubericola? (2) What conditions of temperature and 
humidity favor infection of freshly wounded roots? (3) What effect 
does 10 days’ storage of wounded roots at various temperatures and 
relative humidities before inoculation have on infection during subse- 
quent storage following inoculation? 

The Yellow Jersey variety was used in all five experiments. The 
treatment the roots received before and during the experiments was, 
briefly, as follows: 

In experiment 1 the roots were harvested October 6, 1928, cured 
for 10 days at a temperature of 22° to 26° C. and a relative humidity 
of 50 to 82 percent, and then stored at a temperature of 10° to 15° 
and a relative humidity of 70 to 85 percent until February 13, 1929, 
when the experiment was started. The roots were inoculated when 
freshly wounded (cross section tip) and 10 roots each were stored at 
15 combinations of temperature and relative humidity for 46 days. 

Experiment 2 was started February 25, 1929, with roots from the 
stock used in experiment 1. (1) A quantity of roots were inoculated 
when freshly wounded (cross section tip) and stored 10 each at the 
15 combinations of temperature and relative humidity given in table 
13 and in addition at a temperature of 15.5° C. and a relative humidity 
of 87 percent and at 21° and 89 percent relative humidity for 45 days. 
(2) A quantity of roots were wounded, then stored 10 each at 15 com- 
binations of temperature and relative humidity for 10 days, and then 
inoculated; after inoculation these roots were further treated as fol- 
lows: (a) Roots from each initial temperature and relative humidity 
were returned to the conditions of temperature and relative humidity 
from which they came for 35 days’ further storage, and (6) roots from 
each initial storage condition were stored at 15.5° and 87 percent rela- 
tive humidity and at 21° and 89 percent relative humidity for 35 days. 

In experiment 3 roots from the stock used in experiments 1 and 2 
were wounded March 5, 1929, by cutting a thin slice (longitudinal 
section shallow p. 295) from the side of each root. After wounding, 
the procedure was the same as in experiment 2, except that the subse- 











1! The roots were wounded by cutting off one tip end of each root at a point where the root was about 
1 cm in diameter 
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quent storage at 15.5° C. and 87 percent relative humidity was omitted 
and the storage at the other conditions lasted only 26 days. 

In experiment 4 roots harvested October 11, 1929, were wounded 
and inoculated immediately without curing, and stored 10 each at the 
various temperatures and relative humidities shown in table 13, for 
61 days. 

In experiment 5 uncured roots from the stock used in experiment 4 
were subjected to the same treatment and procedure, except the dura- 
tion of subsequent storage (table 13), as those in experiment 2, five 
roots being used at each storage condition. 


TABLE 13.—Infection of sweetpotatoes by Diplodia tubericola during various periods 
of storage following different treatments ! 


Infection in roots inoculated 


After 10 days at initial storage conditions 


following wounding 
When freshly 


| wounded (after . 
inoculation roots 
stored for 21 Subsequent 
days at initial storage for 51 
storage condi- | days at condi- 


Initial storage conditions 
Subsequent Subsequent 
storage for 51 storage for 51 

days at 15.5° C.| days at 21° C. 


| " f 87 perce f RE 
| tions only) tions same as wae ty at a <n 
initial sat ary 
humidity | humidity 
Rela- | Total | | Total | Total Total 


tive Roots depth | Roots depth | Roots | depth | Roots | depth 


humid- | infected of infected of infected of infected of 
ity | decay | decay decay | decay 
| 


Temperature (° C. 


Percent | Percent} Mm = Mm | Percent} Mm | Percent} Mm 
95 at | 0 


36.1 : 0} 0 
31 95 80 218 | 0 0 | 0 0 0} 0 
28 96 80 87 0 0 | 0 0 0 0 
25 a | 91 80 | 25 | 0 0 | 20 | 2) 0 0 
21 a | 91 80 | 17 | 0 0} 20 | 40 | 0 0 
19 ‘ SY 100 | 25 20 8 | 40 16 | 0 0 
16 SY 60 14 | 60 13 | 60 17 | 40 115 
12 93 40 | 6 | 0 0 | 60 12 | 40 170 
28 : 96 80 | 87 | 0 0 0 0 | 0 0 
® re 90 100 | 50 | 0} 0} 0 0 | 20 3 
28 78 60 13 | 0 0 | 20 17 | 20 15 
28 69 60 | 105 | 0 0 0 0 | 40 | 10 
28 59 0) 127 20 | 25 250 33 40 42 
12 } 93 40 | 6 0 | 0 | 60 12 40 170 
12 86 60 | s 40 y 80 18 | 20 45 
12 75 100 23 80 40 100 54 | 100 | 63 
12 65 60 61 | 100 | 74 66 46 100 91 
Check (roots inoculated when freshly wounded) - -. 100 103 80 114 


5 roots were used for each condition of storage except in the cases noted. All roots were wounded by 
cutting off the tip end. 
?6 roots were used instead of 5. 
3 roots were used instead of 5. 


Whenever the treatment and storage conditions were comparable 
the results of all five experiments were so similar that only those of 
experiment 5 are presented in table 13. 

The results of the five experiments, together with some ” discussed 
later (p. 311), show that if cured and uncured roots are wounded in 
the same manner and the subsequent treatment as to inoculation and 
storage is the same there is no apparent difference in their suscep- 
tibility to infection by Diplodia tubericola. Infection occurred under 


* The results from these later experiments were obtained from cured roots from the same stock as the 
uncured roots in experiment 5. One of these experiments was started Nov. 26, 1929, following curing. and 
one Jan. 13, 1930. 
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the same conditions and in similar proportions in cured and uncured 
roots. 

A certain percentage of infection by Diplodia tubericola occurred at 
all conditions of temperature and humidity in roots inoculated when 
freshly wounded (table 13). The tendency for percentage of infection 
to drop at temperatures below 19° C. was also evident in the other 
experiments (not shown in table 13). There was a tendency for the 
total depth of decay to increase with the rise in temperature from 12° 
to 31°. 

There seems to be little relation of humidity to the percentage of 
infection at 28° C. in roots inoculated when freshly wounded, although 
the results in table 13 suggest a possible relation. In 2 of the 5 
experiments there was no infection at a relative humidity of 96 per- 
cent, and about an equal percentage of infection occurred at the other 
humidities. At a temperature of 12° there was a tendency for the 
percentage of infection as well as the total depth of decay to increase 
with the Jowering of the relative humidity, particularly in the early 
stages of infection. In this experiment and in one other (table 13) 
the percentage of infection increased with the lowering of the relative 
humidity from 93 to 73 percent, then dropped off as the humidity 
fell to 65 percent. A temperature of 12° has not been found very 
favorable to the continuation of decay by Diplodia tubericola. In a 
large percentage of the cases where infection began with this patho- 
gene, the organism was displaced by species of Fusarium and 
Penicillium. 

In roots wounded and stored for 10 days at the various tempera- 
tures and humidities, then inoculated and returned to the tempera- 
tures and humidities from which they came for 51 days’ further stor- 
age, infection had a very definite relation to the conditions of initial 
storage that are either unfavorable to suberization and periderm forma- 
tion or retard their formation. No infection occurred at temperatures 
of 21°, 25°, 28°, and 31° C. combined with high humidity. Passing 
from a temperature of 21° to 19° and 16°, the percentage of infection 
as well as the total penetration increased. At a temperature of 12° 
there was no infection at a relative humidity of 93 percent. In 3 out 
of the 4 other experiments (data not included in table 13) there was 
infection at 12° (combined with the highest humidity employed); in 2 
of these 3 there was no infection at temperatures above 12°. Infection 
took place readily at the three lower humidities at 12°. At 28° only 
relative humidities of 59 percent in this experiment (table 13) and 63 
percent in another experiment, of the 5 employed, were sufficiently 
unfavorable to healing to permit of infection. Infection was obtained 
at 59 percent relative humidity in two other experiments. 

If subsequent storage, following 10 days’ initial storage at various 
temperatures and humidities, influences infection and decay, it does 
so in the case of roots stored at initial combinations of temperature 
and relative humidity that either prevented or retarded suberization 
or periderm formation. Subsequent storage conditions favorable 
to cork formation usually resulted in less infection than conditions 
unfavorable to cork formation in roots initially stored under conditions 
of temperature and humidity unfavorable to healing. The results have 
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been consistent in showing that whenever the conditions of tempera- 
ture, humidity, and time were such as to permit cork formation to go on 
to completion before the roots were inoculated infection did not result 
under the conditions of subsequent storage employed in these experi- 
ments. Storage for 10 days at temperatures of 28°, 31°, and 36.5° C. 
combined with high humidity at all the conditions of subsequent storage 
prevented infection. There was one infection at 25°, but decay made 
scarcely any progress. A subsequent storage at 15.5° and 87 percent 
relative humidity following initial storage at temperatures of 19°, 
16°, and 12° (combined with high humidity) showed a higher percent- 
age of infection, with one exception (table 13), than did roots that were 
returned to these initial temperatures or were subjected to subsequent 
storage at 21° and 89 percent relative humidity. In experiment 2 
(not shown in table 13) a higher percentage of infection resulted during 
subsequent storage at 21° and 89 percent relative humidity. There 
was less infection (table 13) in roots initially stored at the various 
humidities at a temperature of 28° followed by subsequent storage 
under these same conditions than in roots with the same initial storage 
followed by subsequent storage at 15.5° and 87 percent relative 
humidity and at 21° and 89 percent relative humidity. In experiment 
2 (not shown in table 13) there was no infection during subsequent 
storage at various relative humidities at 28° following an initial 
storage under the same conditions, except at 63 percent relative 
humidity, the lowest employed. With certain exceptions, there was a 
tendency for infection and decay to increase with the lowering of the 
relative humidities both at 28° and 12° in roots subsequently stored 
at 15.5° and 21°. In roots from the various initial temperatures and 
humidities the total decay was greater in the main in those subse- 
quently stored at 21° than at 15.5°. 


RELATION OF EXTREMES OF TEMPERATURE AND HUMIDITY DURING INITIAL 
STORAGE OF WOUNDED CURED SWEETPOTATOES TO INFECTION BY DIPLODIA 
TUBERICOLA DURING SUBSEQUENT STORAGE 


Two experiments were conducted to compare the effects of 10 days’ 
initial storage of wounded sweetpotatoes at high temperatures and 
relative humidities with those at low temperatures and humidities, 
during a subsequent storage at various temperatures and humidities. 
In experiment 1 Yellow Jersey roots were wounded (cross section tip) 
and stored for 10 days at 2 combinations of temperature and relative 
humidity (some at 29° C. and 97 percent and some at 13° and 69 
percent), then inoculated with Diplodia tubericola and stored at 15 
combinations of temperature and relative humidity (table 14), 
together with some roots inoculated when freshly wounded. Experi- 
ment 2 included the Puerto Rico variety in addition to Yellow Jersey. 
The initial storage temperatures and relative humidities were 26° 
and 92 percent and 13° and 59 percent in the case of Yellow Jersey, 
and 29° and 97 percent and 13° and 59 percent in the case of Puerto 
Rico. The subsequent storage temperature of 37° was omitted in 
experiment 2. Aside from the exceptions mentioned the two experi- 
ments were similar. The average results obtained from the Yellow 
Jersey variety in the two experiments are presented in table 14. 
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TABLE 14.—Relation of temperature and humidity to infection and decay of sweet- 
potatoes (Yellow Jersey) by Diplodia tubericola during 10 to 12 days’ storage 
following different treatments ! 


Roots wounded and initially stored 
for 10 days at 
Roots inoculated 


Final storage conditions } when freshly 13° C. and relative | 26° and 29°C. and 
wounded humidities of 59 | relative humidities 
and 69 percentand | of 92 and 97 percent 
then inoculated and then inoculated 
Average Average , A verage 
Te = . ‘ Relative Roots . Roots : Roots ents 
Temperature (° ¢ humidity] infected — infected i infected soy 
Percent Percent Mm Percent Mm Percent Nim 
 ™ 93 20 0.6 20 0.6 0 0 
30-31 a4 90 17.0 90 | 25.0 0 0 
29. . 97 100 26.0 70 29.0 0 0 
i 92 sO 15.0 v0 23.0 0} 0 
22... . 91-95 60 18.0 | 60 5.0 0 0 
18-19 SS-O4 | 30 9 60 2.0 0 0 
15. 5_. 91-92 0 0 1) 4.0 0 0 
12. 93-94 | 0 0 10 3 0 0 
20. ° 97 100 26.0 70 29. 0 0 0 
29 . SY-4O 90 41.0 xO 32.0 10 i) 
oo SO | 100 38. 0 100 27.0 0 0 
2u ‘ 69-72 SO 17.0 80 | 20.0 10 s 
20... = 60-63 50 24.0 60 24.0 0 0 
2 me distin 93-94 0 0 10 3] 0 0 
12 ‘ 85 0 0 0 0 0 0 
12 ‘ 76-78 0 0 0 0 0 0 
aa ™ ‘ 63-64 0 0 0 0 0 0 


1 The results recorded in this table except at 37° C. are the averages of two experiments. Five roots were 
used for each treatment and condition of temperature and relative humidity in each experiment. Results 
were taken after 10 and 12 days of final storage, respectively. 


The initial storage of wounded roots for 10 days at high temperatures 
and high relative humidities (26° and 29° C. and 92 and 97 percent 
relative humidity, respectively) before inoculation excluded infection 
except at two conditions of subsequent storage (29° and a relative 
humidity of 89 to 90 percent, and 29° and a relative humidity of 69 
to 72 percent) and here only 1 root out of 10 was involved in each 
instance (table 14). In roots initially stored at a low temperature 
and low humidity (13° and 59 and 69 percent) infection occurred at all 
subsequent storage conditions of temperature and relative humidity, 
except the three lowest humidities at 12°, within 10 to 12 days. In 
roots inoculated when freshly wounded infection occurred at tempera- 
tures of 18° and above, but not at 12° and 15.5°, in 10 to 12 days’ 
subsequent storage. From the occurrence of infection and the amount 
of decay, it will be seen that there is no significant difference in sus- 
ceptibility between roots inoculated when freshly wounded and roots 
inoculated after 10 days’ storage at low temperature and relative 
humidity following wounding. 

Results similar to the foregoing were obtained with roots of the 
Puerto Rico variety, wounded and initially stored for 10 days, in one 
instance at a temperature of 29° C. and relative humidity of 97 
percent and in another at 13° and 59 percent relative humidity, 
followed by inoculation with Diplodia tubericola and 12 days’ sub- 
sequent storage at 14 combinations of temperature and _ relative 
humidity. 

RELATION OF TEMPERATURE TO RATE OF DECAY 


The results obtained during 10 to 12 days’ storage at various tem- 
peratures following inoculation from (1) roots inoculated when 
freshly wounded and (2) roots inoculated after 10 days’ storage at a 
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temperature of 13° C. and relative humidities of 59 and 69 percent 
illustrate the effect of temperature on rate of decay (table 14 and fig. 
1). There is not much difference in the rate of decay in roots with 
the two types of treatment, although the rate is as great or greater at 
all temperatures at which infection occurred, except at 22°, in roots 
subjected to 10 days’ initial storage at 13° and 59 and 69 percent 
relative humidity (fig. 1, B) than in roots inoculated when freshly 
wounded (fig. 1, A). There was some variation in individual experi- 
ments in the amount of decay that took place at a given temperature, 
but the average of the two experiments following a given type of 
treatment produces fairly uniform curves. If averages of the two 
types of treatment are taken, a still smoother curve is obtained 
(fig. 1, C). The greatest amount of decay occurred at 29° in the 
experiments reported 
in table 14, but in 
another experiment it 
occurred at 31° (table 
13). As the tempera- 
ture was raised above 
or lowered below 29° 
the rate of decay 
rapidly declined. 

The data in table 
15, obtained from one 
of the experiments dis- 
cussed in connection 
with table 14, illus- 
trate roughly the rate 
at which infection and 
decay by Diplodia 
tubericola occur at 
temperatures of 12°, 
15.5°, and 17.7° C. J | ae 
following preliminary 10 _ 
treatment and inocu- FIGURE 1.—Depth of decay in sweetpotatoes caused by Diplodia 


lation, as indicated. tubericola at various temperatures: A, Roots inoculated when freshly 
] ill | 1 tl wounded; B, wounded roots stored for 10 days at 13° C. and at 59 and 
t wl ye noted that 69 percent relative humidity before inoculation; C, average of A and B. 


decay takes place very 
slowly, the average penetration being slight even after 44 days’ 
storage at these temperatures. The slowness in the advance of decay 
is due in part, it is believed, to the retarded activity of the pathogene 
at these temperatures. Diplodia tubericola is often displaced by other 
organisms, especially Fusarium, at these temperatures, particularly 
at 12°. The high average depth of decay (13 mm) after 44 days’ 
storage at 12° and 63 percent relative humidity in roots inoculated 
after wounding and 10 days’ storage at 13° and 59 percent relative 
humidity was due to deep decay (55 mm) in one root rather than to a 
consistent advance in all the roots. Incidentally it will be noted that 
the roots with an initial storage temperature of 26° and a relative 
humidity of 92 percent showed scarcely any infection after 44 days’ 
storage at the temperatures 12°, 15.5°, and 17.7° and the various 
relative humidities at 12°, or after 16 days’ further storage at 21° 
and 89 percent relative humidity. Nor did these roots show signs of 
infection by other organisms. 
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TEMPERATURE LIMITS OF INFECTION 


No experiments designed to determine the exact temperature limits 
of infection for Diplodia tubericola were conducted. 

The slowness of infection and decay at 12° C., and the fact that 
Diplodia tubericola is largely displac ed by other organisms and that 
there was no growth on carrot agar at 8° after 35 days’ storage (table 
12) indicate that 12° is near the lower temperature limit of infection 
and decay for this fungus. 

The slowness in rate of decay by this fungus at 37° C. and the fact 
that there was no growth of the pathogene in 16 days at 40°(table 12) 
show that 37° is near the maximum temperature for infection and 
decay. 

EFFECT OF DURATION OF INITIAL STORAGE OF WOUNDED SWEETPOTATOES ON 
INFECTION BY DIPLODIA TUBERICOLA DURING SUBSEQUENT STORAGE 

An experiment was conducted in which roots of the Yellow Jersey 
and Nancy Hall varieties were wounded as in the preceding cases, 
stored at a temperature of 25.5° C. and a relative humidity of 94 per- 
cent for various periods, teal inoculated with Diplodia tubericola 
and returned to the same temperature and relative humidity for 13 
and 22 days’ further storage. The initial storage periods for the 
Yellow Jersey were 2, 4, 6, 8, and 10 days, respectively, and for 
Nancy Hall 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 days, respectively. In 
order to use the same inoculum for all the roots, those for the 10-day 
initial storage period were wounded first, those for the 9-day period 
next, etc., each lot being wounded and stored on successive days in 
the order of time assigned to the initial storage. At the end of the 
various initial storage periods all the roots, including the freshly 
wounded ones, were inoculated at the same time with the same 
inoculum. 

No infection occurred in either Yellow Jersey or Nancy Hall roots 
subjected to an initial storage of more than 4 days (table 16). 





TaBLE 16.—Effect of duration of initial storage of wounded sweetpotatoes Jollowed 
by inoculation with Diplodia tubericola on infection and decay during 2 periods 
of subsequent storage ! 

Infection and decay in Yel, 
low Jersey variety afte 
storage period indicated 


Infection and decay in the Nancy Hall variety after 
storage periods indicated 

| Initial, 29° C. and 96-per- 

cent relative humidity: 


Initial and subsequent, 25.5° | Initial and subsequent, 25.5° 





Duration of subsequent, 28° and 89 C.and 94 percent relative C. and 94 percent relative 
initial storage | percent relative humidity | umidity humidity 
(days) F 
13 days | 28 days 13 days j 22 days 13 days 22 days 
Roots Depth Roots | Depth) Roots Depth| Roots Depth Roots Depth| Roots | Depth 
in- of | in- of in- | Oo in- | of in- of | in- of 
fected | decay | fected | decay | fected | decay | fected | decay | fected | decay | fected | decay 
Ss game’: a a es : 
| Per- | Per- | Per- | | Per- | Per- Per- 
| cent Mm cent | Mm cent Mm | cent Mm cent Mm cent Mm 
0... , 100 153 100 | 2 149 100 55 | 100) 58 80 15 100 17 
l 80 29 100 33 80 14 | 100 24 | : 
2... 0 0 | 20 | 2 40 5 | 60 13 20 4 60 7 
3 0 0 | 0 20. 2 60 | 10 
43 0 | 0 0 0 0| 0 | 0 0 0 0 20 2 


'5 roots were used for each time interval. 
? The apparent decrease in depth of decay in 28 days as compared to 13 days is due to error of measure- 
ment. The measurements taken after 13 days were from the outside of the root and those taken after 28 
ry were from the interior after the roots had been halved. However, there was no advance of decay after 
3 days 
2 There was no infection after initial storage periods of 5 days or more 
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In another experiment, roots of the Nancy Hall variety were stored 
for periods of 1 to 10 days at a temperature of 29° C. and a relative 
humidity of 96 percent and then inoculated and stored at 28° and 
89 percent relative humidity for 13 and 28 days (table 16). The 
wounding and inoculation were made in the same manner as in the 
preceding experiment. No infection occurred in roots that had had 
an initial storage period longer than 2 days. 


CHARCOAL ROT 


RELATION OF TEMPERATURE TO GROWTH OF SCLEROTIUM BATATICOLA ON 
CARROT AGAR 

In order to determine the temperature limits and optimum tem- 
perature for growth of Sclerotium bataticola, as well as the rate of 
growth at various temperatures, ten 200-ml Erlenmeyer flasks, each 
containing 40 ml of carrot agar, were inoculated with S. bataticola 
and stored at each of 11 temperatures (table 17). The maximum 
amount of growth in 1 day occurred at a temperature of 31°C. As 
the temperature rose above 31° or fell below it the rate of growth 
rapidly declined. S. bataticola showed slight growth in 3 out of 10 
flasks at 42° in 16 days and slight growth in 2 out of 10 flasks at 8° 
in 35 days in contrast to an absence of growth by Diplodia tubericola 
at these temperatures in the same periods. 


TABLE 17.—Influence of temperature on the growth of Sclerotium bataticola on 
carrot agar 


Average area of colonies after Average area of colonies after 
Temperature Temperature 
eo eC.) 
1 day | 3 days | 7 days | 11 days 1 day | 3 days | 7 days | 11 days 
| 
Mn Mm? Mm? Mm Mm Mm M m2 \{m 
42.0 0 0 0 10 || 20.5 53 
10.0 0 0 0 0 |) 19.0 (2 1, 005 
17.0 Sil 15.0 0 (2 3, 341 
31.0 2, 100 : 13.0 0 0 210 
20.0 580 8.0 0 0 0 0 
25.0 207 


Growth had just started in 3 out of 10 flasks at 42° C. and in | out of 10 flasks at 40° C. in 16 « 
2 Growth just started 
There was slight growth in 2 flasks out of 10 at 8° C. in 35 days 


RELATION OF WOUNDING TO INFECTION 


Sclerotium bataticola seems quite dependent upon wounds for infec- 
tion. It sometimes invades lesions of mottled necrosis, Rhizopus soft 
rot, lesions produced by Mucor racemosus, and possibly other lesions. 
Injury by heat, such as that produced in the field when the roots lie 
in the sun, seems to open the way for infection in fields heavily 
infested with S. bataticola. However, mechanical wounding remains 
the major preliminary condition essential to infection. If the un- 
broken skin is exposed to inoculum of S. bataticola, infection rarely 
if ever results. This is shown by the infection experiments discussed 
below, conducted under the same conditions and involving the same 
technic as those carried on in connection with Diplodia tubericola. 
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INFECTION BY SCLEROTIUM BATATICOLA IN SWEETPOTATOES INOCULATED WHEN 
FRESHLY WOUNDED AND IN THOSE INOCULATED AFTER 10 DAYS’ STORAGE AT 
VARIOUS TEMPERATURES AND HUMIDITIES FOLLOWING WOUNDING 
The materials (except the pathogene) and the technic employed in 

these experiments (five in number) were the same asin the experiments 

with Diplodia tubericola. The experiments were run concomitantly 
and under the same conditions of temperature and relative humidity. 

The results of the five experiments were so similar whenever the 
conditions of treatment and storage were parallel that the results of 
only one are presented (table 18). In this experiment uncured roots 
obtained directly from the field at harvest time (Oct. 10, 1929) were 
used. One lot was held for 10 days at 15.5° C. and 87 percent rela- 
tive humidity (noncuring condition), then wounded and inoculated 
with Sclerotium bataticola. Five of these roots (roots inoculated when 
freshly wounded) were then stored 21 days at each of the 15 combina- 

tions of initial temperature and relative humidity given in table 18. 

Another lot of roots were wounded immediately after harvesting, and 

part of them were stored for 10 days at each of the 15 initial tem- 

peratures and relative humidities given in table 18. At the end of 
this 10 days’ storage all the roots were inoculated. Five of these 
roots from each initial storage condition were stored es follows: 

(1) For 21 days at each of the initial storage conditions; (2) for 51 

days at 15.5° and 87 percent relative humidity; and (3) for 51 

days at 21° and 89 percent relative humidity. Roots inoculated 

when freshly wounded were also stored under the two last-mentioned 
conditions of storage as checks. The same inoculum was_ used 
throughout, and all the roots were inoculated at one time. 


TABLE 18.—Infection of sweetpotatoes by Sclerotium bataticola during various 
periods of storage following different treatments ! 


Infection in roots inoculated 


When freshly and relative humidities following wounding 
wounded (after ‘i — 
inoculation 
roots stored for 
21 days at 
initial storage 
conditions) 


} } . 
| After 10 days’ storage at initial temperatures 
Initial storage conditions 


Subsequent Subsequent 
storage (for 51 storage (for 5! 
lays) at 15.5° C.\days) at 21° C 
ind 87 percent | and 89 percent 

relative relative 


} Subsequent 
storage (for 51 
days) at con- 
ditions same as 


initial humidity humidity 
ee » a — “we eo Brae er — — Bie | 
emperature ( Ive DU" infected| C&Pt® | infected) C&P™ |infected| Ce! infected! Gel 
midity of decay of decay of decay of decay 


Percent| Percent} Mm | Percent) Mm | Percent \fm | Percent) Mm 
0 


36.5 95 0 20 | 150 
31.0 95 80 307 20 100 | 0 0 0} 0 
3.0 96 60 337 0 0 | 0 0 0 | 0 
25.0 91 80 202 0 0 0 0 0 0 
21.0 91 100 262 0 0 | 20 15 0 0 
19.0 RY 100 32 0 0} 20 8 | 0 0 
16.0 89 60 10 0 0 60 26 80 131 
12.0 93 40) 7 0 0 100 25 100 310 
2.0 96 60 337 0 0 | 0 0 0 0 
2.0 90 80 134 0 0 0 | 0 0} 0 
3.0. 78 100 346 0 0 | 40 | 25 | 40) 48 
8.0 69 100 195 | 40 117 | 20 3 | 20 110 
2.0 59 80 248 | 20 115 20 | 2 } 80 16 
12.0... 93 40 2 0 0! 100 | 25 100 310 
12.0 86 40 10 20 10 100 46} 100 132 
12.0... 75 | 0 0 100 43 sO 42 100 281 
12.0 65 | 20 3 100 62 80 27 80 138 
Check (roots inoculated when freshly wounded) _._____ : a 100 46 100 390 





5 roots were used for each condition of storage except in the case of roots inoculated when freshly w ounded 
and stored at 15.5° C. and 87 percent relative humidity and at 21° C. and 89 percent relative humidity, in 
which cases 7 and 10 roots, respectively, were used. All roots were wounded by cutting off 1 tip end of each. 


128001—35——_3 
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In roots inoculated when freshly wounded, infection by Sclerotium 
bataticola took place readily at temperatures from 19° to 31° C., and 
at all relative humidities at 28° (table 18). At temperatures below 
19° (see also table 19) infection was more uncertain and at 12° Selero- 
lium was generally displaced by other organisms, especially species of 
Fusarium. There seems to be little relation between the percentage 
of infection and relative humidity at either 28° (see also table 19)" 
or 12°. 

An initial 10 days’ storage of wounded roots at various temperatures 
and relative humidities altered materially the infection with Sclerotium 
bataticola that occurred when they were inoculated and stored at the 
same temperatures and relative humidities as the roots inoculated 
when freshly wounded. With the exception of 1 root at 31° C., no 
infection occurred in roots stored for 51 days at any of the tempera- 
tures combined with high humidity. There was no infection at 
temperatures of 12° and 16° combined with high humidity in the 
experiment reported in table 18, but there was in 2 other experiments 
at 16°, and in 1 of the 2 at 12° (not included in table 18). The 
handicaps that these conditions impose upon healing and the activities 
of the pathogene were such that a struggle for supremacy resulted. 
Some infection occurred at the 2 lowest relative humidities (59 and 
69 percent) at 28° and at the 3 lowest humidities (65, 75, and 86 
percent) at 12°. These results show that healing is not always suf- 
ficiently complete by the end of 10 days’ storage at the lower humidi- 
ties at 12° and 28° to preclude infection. 

Judged by the infection with Sclerotium bataticola that occurred 
(table 18) during subsequent storage at 15.5° C. and 87 percent rel- 
ative humidity and at 21° and 89 percent relative humidity, healing 
was not always complete by the end of 10 days’ initial storage at 
temperatures of 12° to 21° (combined with high humidity), at the 
three lowest humidities at 28°, or at any of the humidities at 12°." 
The rate of decay was consistently higher at a subsequent temperature 
of 21° than at 15.5°. Infection occurred following subsequent stor- 
age at 15.5° after initial temperatures of 12° to 21°, whereas infection 
occurred following subsequent storage at 21° after initial temperatures 
of 12° to 16°. These results (at 15.5° and 21°) were almost reversed 
in another experiment, in which, however, the subsequent relative 
humidity at 15.5° was 95 percent instead of 87 percent. In wounded 
roots inoculated with Sclerotium bataticola after a day’s initial storage 
at temperatures from 12° to 21°, infection during subsequent storage 
would seem to depend upon (1) whether wound healing is complete, 
(2) the stage of healing, and (3) the temperatures and relative 
humidity of subsequent storage. If wound healing had reached an 
advanced stage, it would seem possible that it might become complete 
before infection could occur, especially if the conditions of subsequent 
storage were favorable to healing; if unfavorable, infection might 
take place. 

The results in table 18 indicate a possible relation between the percentage of infection and relative 
humidity at 28° C., but when all the results dealing with infection in freshly wounded roots are considered 
there seems to be no relation 

‘ The one infection in roots with an initial storage at 35.5° C. and a subsequent storage at 21° may easily 


have been accidental. However, it may have been associated with the same factor that makes sweet- 
potatoes more susceptible to decay by Rhizopus tritici (11) at temperatures above 33°. 
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RELATION OF EXTREMES OF TEMPERATURE AND HUMIDITY DURING INITIAL 
STORAGE OF WOUNDED CURED SWEETPOTATOES TO INFECTION BY SCLEROTIUM 
BATATICOLA DURING SUBSEQUENT STORAGE 
The two initial storage temperatures and relative humidities in the 

two experiments reported in table 19 were selected to compare the 

effects of storing wounded roots at conditions very favorable to healing 
with the effects of storing at conditions that prevent healing. 


TABLE 19.—Influence of temperature and humidity on infection by Sclerotium 
bataticola in cured sweetpotatoes inoculated when freshly wounded and in sweet- 
potatoes wounded and stored for 10 days at each of two combinations of temperature 
and humidity and then inoculated ! 


| Roots wounded and initially stored for 
| 10 days at 


Roots inoculated | 


Final storage conditions when freshly | 13° C. and relative | 26° and 29° C. and 
wounded humidities of 59 relative humid- 
and 69 percent ities of 92 and 97 
and then inocu- percent and then 
| lated inoculated 
| Aver | A A 
3 . ‘ Relative Roots erage | Roots average Roots verage 
lemperature (° C) | humidity infected depth of infected | depth of infected depth of 
| decay | | decay decay 
| | ast 
| Percent Percent Mm | Percent Mm Percent | Mm 
37 | 93 sv) il 80 13 0 0 
10-31 4 90 77 100 50 0 0 
29 -| 97 100 87 100 40 20 | 9 
25 92 100 | 54 | 90 21 0 0 
22 ; 91-95 88 | 22 | 100 28 0} 0 
18-19 88-94 40 9 | 50 | 3 0 | 0 
15.5 91-92 30 1| 60 | 6 0 | 0 
12 | 93-94 0 0} 0} 0 0 0 
29 | 97 100 87 | 100 | 40) 20 | 9 
29 89-90 90 | 64 | 80 24 10 | ot) 
29 80 90 77 90 | 57 0 0 
29 69-72 100 | 55 90 | 16 10 7 
29 60-63 100 61 70 | 19 0 | 0 
12 93-94 0} 0} 0 0 0 0 
12 85 0} 0 0} 0 0 0 
12 76-78 0} 0 0} 0 0 0 
12 63-04 0 0 0 0 0 0 


| 


The results recorded are the averages of 2 experiments; 5 roots were used for each treatment and combina 
tion of temperature and relative humidity. The length of the final storage period in the experiments was 
10 and 12 days, respectively. - 


The material used, aside from the pathogene, the technic employed 
in setting up the two experiments, and the initial and final storage 
conditions were the same as those employed in the same type of 
experiments in connection with Java black rot. The results reported 
are the average results of the two experiments. 

Infection took place under the same conditions of temperature and 
relative humidity in final storage (table 19) both with roots inocu- 
lated when freshly wounded and with wounded roots inoculated after 
10 days’ storage at a temperature of 13° C. and relative humidities 
of 59 and 69 percent. The temperature of the storage following inoc- 
ulation was the controlling factor governing the percentage of infec- 
tion and the amount of decay. No infection occurred at any of the 
relative humidities at 12°, whereas at 29° it occurred at all the relative 
humidities. 

Notwithstanding the heavy inoculation following 10 days’ initial 
storage at temperatures of 26° and 29° and at relative humidities of 
92 and 97 percent, very little or no infection occurred at any of the 
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subsequent storage conditions, indicating fairly complete protection 
due to formation of wound cork at the favorable temperature and 
relative humidity of the storage chamber. 


































RELATION OF TEMPERATURE TO RATE OF DECAY 


The effect of temperature on the rate of decay is shown by the 
average depth of decay obtained in cured sweetpotatoes inoculated 
with Sclerotium bataticola when freshly wounded and from roots ini- 
tially stored for 10 days at a temperature of 13° C. and relative 
humidities of 59 and 69 percent before inoculation (table 19). In 

“a ; ae eS _ roots inoculated when 

freshly wounded, the 

maximum amount of 
decay during 10 to 

12 days’ storage at 

various temperatures 

occurred at 29° (table 

19 and fig. 2, A). At 

temperatures above 

or below 29°, the rate 
of decay declined 
| rapidly. A similar 
curve was obtained in 
connection with roots 
subjected to an initial 
storage at 13° and 59 
and 69 percent rela- 
tive humidity before 
inoculation and a sub- 
sequent storage at 
various temperatures, 
except that the maxi- 
mum amount of de- 
cay occurred at 30° 
to 31° instead of at 
| 29° and that the 
| amount of decay was 
| less at most of the 
| wail = | temperatures (table 
20 TEMPERATURE (2) rm 19 and fig. 2, B). 
Ficure 2.—Depth of decay in sweetpotatoes caused by Sclerotium Curve C in figure 2 
wounded: B, wounded foots stored for 10 dave at 13° Cand at » WS plotted from the 
ind 69 percent relative humidity before inoculation; C, average of AVeTAGE depth of 

oo decay at a given 
temperature in the roots subjected to the two types of treatment. 
The curve is slightly smoother and the optimum lies between 29° 
and 30° to 31°. It will be remembered that the optimum temper- 
ature for growth of S. bataticola is 31°. Unfortunately, a temperature 
between 31° and 37° was not employed in either the infection or 
growth experiments; had one been used it is possible that the optimum 
temperature for growth might have been shifted to a slightly higher 
temperature. The fact that the rate of decay in some instances has 
been greater at 29°, and even at 28° (table 18) in one experiment, than 


A 


80 


70 


60 


(mM 
w 
°o 


DEPTH OF DECAY 
b 
°o 


w& 
°o 


= 
10 




















reb. 15,1935 Factors Affecting Infection and Decay of Sweetpotatoes 321 


at 31°, would seem to indicate that the optimum temperature must 
lie between 28° and 31°. 


TEMPERATURE LIMITS OF INFECTION 


As has been noted in the results already discussed, the rate of in- 
fection and decay at a temperature of 12° C. is very slow. The 
results given in table 20 show this fact more clearly. The data were 
obtained from the roots stored at four relative humidities at 12° and 
at 15.5° and 17.5° in one of the experiments discussed in connection 
with table 19. The length of storage at these temperatures was 44 
days, after which the roots from all the conditions of storage were 
stored for 16 days at 21° and 89 percent relative humidity. Not 
only was infection slow in taking place at all the conditions of storage 
but the advance of decay was relatively slight. In many instances 
Sclerotium bataticola was displaced by other organisms, especially 
forms of Fusarium. These results indicate that 12° is near the lower 
limit for infection and decay. Incidentally, it will be noted that the 
roots initially stored at 26° and 92 percent relative humidity before 
inoculation continued to be practically free from infection. These 
roots likewise remained practically free from infection by such 
organisms as Fusarium, ete., which often displace S. bataticola at a 
temperature of 12°. 
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The upper limit for infection of sweetpotatoes by Sclerotium 
bataticola has not been accurately determined, but judged by the 
rate of decay at 37° C. (table 19) and by the slowness of growth at 
40° and 42° (table 17), 37° approaches this limit. 

EFFECT OF DURATION OF INITIAL STORAGE OF WOUNDED SWEETPOTATOES ON 

INFECTION BY SCLEROTIUM BATATICOLA DURING SUBSEQUENT STORAGE 

In one experiment, 5 wounded roots (cross section tip) of the Yellow 
Jersey variety were stored at 29° C. and 96 percent relative humidity 
for intervals of 1 to 10 days, inclusive. At the end of 10 days all 
these roots, including 5 freshly wounded ones, were inoculated with 
Selerotium bataticola by dipping the cut end into a mass of corn meal 
mixed with the fungus and were stored at 28° and 89 percent relative 
humidity for 28 days. One hundred percent of the roots inoculated 
when freshly wounded became infected, 80 percent of those inoculated 
after 1 day’s storage, 40 percent of those inoculated after 2 days’ 
storage, and 20 percent of those inoculated after 3 days’ storage. 
None of the roots inoculated after being stored for more than 3 days 
became infected. 

Another experiment, run with the Yellow Jersey and Nancy Hall 
varieties, was similar to the foregoing in all respects, except that (1) 
the initial and subsequent storage temperature and relative humidity 
were 25.5° and 94 percent, respectively, and (2) 2-day intervals 
between inoculations instead of 1-day intervals were used in the 
case of the Yellow Jersey variety. By the end of 24 days, all the 
Yellow Jersey roots inoculated when freshly wounded were infected 
and 60 percent of those stored 2 days before inoculation were infected, 
but none of the roots stored for more than 2 days before inoculation 
showed any infection. Eighty percent of the Nancy Hall roots 
inoculated when freshly wounded, 80 percent of those inoculated 
after 1 day’s storage, and 100 percent of those inoculated after 2 
days’ storage became infected. There was no infection in any of the 
roots inoculated after initial storage periods longer than 2 days. 

In a third experiment (table 21) cured Yellow Jersey roots were 
wounded in the usual fashion (cross section tip), stored at tempera- 
tures of 22°, 25°, 29°, and 31° C., respectively, combined with high 
humidity, for periods of 1, 2, 3, 4, and 5 days. Then they, with 
a check freshly wounded, were inoculated with Sclerotium bataticola 
and stored for 16 days at 25° and 94 percent relative humidity, and 
for an additional period of 24 days at 21° and 91 percent relative 
humidity. 

No infection occurred in roots stored for more than 3 days at 31° 
C., more than 2 days at 29°, more than 2 days at 25°, or more than 4 
days at 22°. Some variation in these limits of initial storage might be 
expected with a variation in the subsequent storage conditions. In 
other words, if the process of healing is not complete by the end of the 
initial storage period, infection may take place during subsequent 
storage that is sufficiently unfavorable to the healing process and 
sufficiently favorable to the activities of the pathogene. If the process 
of healing is complete by the end of the initial storage period, sub- 
sequent storage has little effect on infection. 
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TABLE 21.—FEffect of preliminary storage of wounded sweetpotatoes for periods of 
from O (check) to 5 days before inoculation on infection by Sclerotium bataticola 
during subsequent storage 


| 


Storage conditions between time of wounding and inocu- Infection and decay after inoculation 
lation and number of roots used | and storage for periods indicated 
16 days 410 days 


Relative Roots 


Temperature (° C humid- | Interval | od Total Total 
| ity ; = Roots depth Roots depth 
| infected | of | infected of 
| decay | decay 
Percent Days Number | Percent Mim Percent VJ 

0 (check 10 xO 47 80 336) 
l 4 1 A 20 10 20 Is 
$1 “4 2 5 0 0 0 0 
\ “4 3 5 20 3 20 8 
| 4 4 5 0 0 0 0 
1 94 5 5 0 0 0 0 
29 97 1 5 20 5 20 3 
29 v7 2 5 0 0 20 4 
2u 97 3 5 0 0 0 0 
2u 97 H 5 0 0 0 0 
29 97 5 5 0 0 0 0 
25 yi 1 5 20 3 20 
25 95 2 5 40 23 40 | 34 
25 95 3 5 0 0 0 0 
25 95 1 5 0 0 0 0 
25 95 5 5 0 0 0 0 
22 93 l 5 40) 91 40 145 
22 93 2 ) 20 5 410 33 
22 v3 3 ) 40 95 40 | 182 
22 3 4 20 i 20 ] 
22 3 5 5 0} 0 0 0 
For the first 14 days storave was at 25° C. and 94 percent relative humidity; for the last 24 days at 21° 


ind Yl percent relative humidity 
DISCUSSION AND CONCLUSIONS 


Some of the factors influencing infection and decay of sweetpotatoes 
by the various pathogenes discussed herein are as follows: Presence 
or absence of the pathogene, infection and decay by other fungi, 
amount of inoculum, wounding—including extent, type, and degree 
suberization, periderm formation, temperature, humidity, and time. 

Rhizopus tritici and R. nigricans (rhizopus soft rot), Fusarium 
oxysporum (surface rot), and species of Fusarium (including F. 
oxysporum) causing end rot seem always to be associated with sweet- 
potatoes in storage, for in the absence of artificial inoculation some 
infection from these pathogenes generally takes place with certain 
types of wounds and under certain conditions of temperature and 
humidity. There are indications that R. tritici and R. nigricans are 
more abundantly present on the roots as the storage season advances 
than at harvest time. No information is available relative to the 
amount of Ff. orysporum or other forms of Fusarium preseat on sweet- 
potatoes at different times during the storage season or the effect 
that a change in the amount present may have on the amount of 
surface rot and fusarium end rot that develops. It is probable that 
under certain conditions of storage there is an increase during the 
storage season in the amount of these fungi present in the storage 
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house. There are indications that Diplodia tubericola and Sclerotium 
bataticola are not always present on sweetpotatoes in storage. This is 
shown by the fact that infection rarely occurs in sweetpotatoes grown 
and stored in the vicinity of Washington, D. C., although they have 
often been stored under conditions favorable for the development of 
the rots produced by these pathogenes. However, these fungi are 
fairly common in the southern portion of the sweetpotato areas, and 
in some localities are associated rather consistently with sweetpotatoes 
in storage, and decay will develop when the handling of the roots and 
the conditions of storage are favorable. 

Openings of some kind, such as wounds, broken rootlets, lesions 
produced by other fungi, etc., in the skin of sweetpotatoes, through 
which the pathogenes (Rhizopus tritici, R. nigricans, Fusarium 
orysporum, other species of Fusarium, Diplodia tubericola, and 
Sclerotium bataticola) of the various diseases discussed herein may 
enter, seem to be an essential condition of infection in the case of each 
pathogene. Considerable indirect evidence obtained from time to 
time shows fairly conclusively that these fungi cannot penetrate the 
unbroken skin of the sweetpotato. This evidence is essentially that 
(1) infection is consistently associated with wounding and (2) that 
infection is consistently absent in roots in which the unbroken skin 
has been exposed to the action of the pathogenes for various periods 
in the inoculation experiments and throughout the storage season in 
some of the storage experiments. 

Some, and probably all, of these fungi are able to penetrate sweet- 
potatoes through lesions produced by other fungi. The primary 
invader may be one of the foregoing fungi, or it may be a fungus that 
is able to penetrate unwounded ‘sweetpotato tissue under special 
conditions (10). Forms of Fusarium have been shown to commonly 
invade lesions of Mucor racemosus, Alternaria, Botrytis, species of 
Rhizopus, and lesions of mottled necrosis. Diplodia tubericola and 
Sclerotium bataticola also have been observed to invade lesions pro- 
duced by some of these fungi. 

Injury such as that produced by freezing temperature or by a 
temperature of 40° C. and above may result in an invasion of some of 
these fungi when the roots are again restored to more normal tem- 
peratures. 

In the presence of the various pathogenes, mechanical wounding is 
the chief predisposing condition leading to infection of sweetpotatoes 
in storage. The wounding chiefly responsible for decay of sweet- 
potatoes in storage and in transit results from harvesting and storing 
operations, handling in storage and in preparation for the market, 
gnawing by rodents in the storage house, and mishandling of railroad 
cars in transit. With an increase in the intensity and extent of wound- 
ing there is an increase in the percentage of infection by Rhizopus 
tritici and R. nigricans. The relation of degree and extent of wound- 
ing to infection by other pathogenes has not been studied. The 
character of the wounding is a factor in determining the occurrence of 
rhizopus soft rot, surface rot, and fusarium end rot. Infection by 
R. tritici and R. nigricans takes place more readily in bruised than in 
cut or in sharply broken tissues. These pathogenes rarely invade 
sweetpotatoes through skinned areas, and the percentage of ‘infection 
is small in roots in which the tip ends have been cut or broken off. 















326 Journal of Agricultural Research Vol. 50, no. 4 


The absence of Rhizopus infection in skinned areas enables Fusarium 
oxysporum to establish itself whenever storage conditions unfavorable 
to suberization and periderm formation are sufficiently prolonged to 
permit infection. Likewise the absence of Rhizopus infection in roots 
in which the tip ends are cut or broken off enables species of Fusarium 
or other organisms under certain conditions of storage to invade the 
wounded tissues and thus produce end rot. Invasion by species of 
Fusarium and Penicillium occurs in wounded tissues of any kind 
when the conditions of storage immediately after wounding are un- 
favorable for healing, the duration of storage is sufficiently long, and 
the wounds are not invaded by species of Rhizopus, Diplodia tu- 
bericola, or Sclerotium bataticola. 

The presence of a suberized layer in wounded tissue at times seems 
to inhibit infection by various pathogenes, and in some instances may 
prevent infection, although this fact has not been clearly established. 
Since the formation of a suberized layer is an essential preliminary 
to periderm formation, its power of inhibition in some instances 
probably is a decisive factor in delaying infection until the more 
effective barrier (the periderm) is developed. A periderm coexten- 
sive with the wounded area forms an almost, if not quite, perfect 
barrier against infection by any of the foregoing pathogenes. 

Infection of wounded sweetpotatoes by. the various pathogenes 
sometimes occurs during storage subsequent to a 10 days’ initial 
storage at temperatures of 12° to 19° C. combined with high humidity. 
Suberization occurs at all these temperatures (12° to 19°) within 10 
days. The presence of such infection during subsequent storage 
indicates that either suberization is not coextensive with the wounded 
tissue by the end of the initial 10-day storage or that it is not an abso- 
lute barrier to infection. The earliest that periderm formation has 
been observed to occur al 12° is 25 days; in one instance it occurred 
within 11 days at 14.7°, but in another it was absent after 10 days 
at 15.7°, and 11 days was required for its formation at 19°. The time 
required for periderm formation also varied somewhat with the lot 
of roots used, and even if it was found present in a given case it may 
not always have been coextensive with the wounds. The histological 
study was confined to limited samples that were representative of the 
tissues involved but were never coextensive with the wounded tissues 
concerned in the infection experiments. It will be seen from these 
considerations that 10-day storage at temperatures of 12° to 19° 
probably does not always insure complete healing. In the absence 
of healing during the initial storage period some infection may occur 
or periderm formation may go on to completion, depending upon 
the temperature and humidity of the subsequent storage. 

Temperature, in addition to being an indirect factor in infection 
and decay of sweetpotatoes because of its influence on suberization 
and periderm formation, is a direct factor in determining the limits 
of infection and in its effect on the rate of infection and decay. 

That either free moisture or high atmospheric humidity is favorable 
to the growth and infection activities of the various pathogenes is 
shown by the fact that they grow well on carrot agar and readily 
decay the moist tissue of sweetpotatoes. It is believed that air 
moisture may become a limiting factor in the growth and infection 
activities of these fungi if reduced beyond a certain atmospheric 
content. This problem has not been the object of special study 
except in the case of infection by Rhizopus under certain conditions. 
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At a temperature of 23° C. infection in halved roots is limited at 
relative humidities below 75 percent and almost excluded at relative 
humidities of 48 to 50 percent, because of the effect of this reduction 
in moisture upon the pathogenes. The effects of relative humidity 
on these fungi at temperatures of 12° and 28° are not so definitely 
known. Atmospheric humidity is a more important factor as it 
indirectly affects infection by all the storage rot fungi under considera- 
tion through its effect on suberization and periderm formation than as 
it affects these fungi directly. Not only is this healing process 
limited to certain relative humidities, but its rate is increased as the 
relative humidity is raised above the lower limit of suberization and 
periderm formation. 

The time required for the initiation of decay by the various patho- 
genes varies with the pathogene, the temperature, and the humidity of 
the storage chamber. This period also may be affected by the rate 
of suberization and periderm formation, which also varies with the 
temperature and humidity of the storage chamber. Whether the 
period during which wounded sweetpotato roots are exposed to a 
given storage condition is a limiting factor in infection depends on 
its duration and on the disease, the amount of inoculum present, 
the type of wounding, and the subsequent storage conditions. 

SUMMARY 

During storage the infection of sweetpotatoes by the various stor- 
age-rot fungi is influenced by the occurrence of these pathogenes. 
Rhizopus nigricans, R. tritici, Fusarium oxysporum, and species of 
Fusarium (including F. orysporum) that cause end rot are generally 
found associated with sweetpotatoes in storage, whereas the occur- 
rence of Diplodia tubericola and Sclerotium bataticola is more regional, 
being more commonly limited to the southern portion of the sweet- 
potato area. 

Injury of some kind, such as is produced by wounds, by extremes 
of temperature, or by other fungi, seems to be an essential preliminary 
to infection by all the foregoing pathogenes. Mechanical wounding 
is by far the most important type of injury leading to infection. 

Infection of sweetpotatoes by the various pathogenes is influenced 
by the extent, degree, and kind of wounding. Rhizopus infection is 
favored by bruising and extended wounding, and rarely occurs in 
skinned areas or in roots with tip ends sharply broken or cut off. 
Surface rot (Fusarium orysporum) occurs in skinned areas, through 
injured sprouts or in tissue beneath the sprouts that has been wounded 
by breaking them off, and through broken secondary rootlets in un- 
cured roots. Species of Fusarium invade wounded tissues in roots 
stored at conditions of temperature and humidity that prevent or 
greatly retard wound-cork formation. A large percentage of the root: 
with tip ends cut or broken off and stored under such conditions be- 
come infected with Fusarium. 

_A suberin layer seems to inhibit and may sometimes prevent infec- 
tion by the various fungi. " 

A wound-periderm layer is an effective barrier against infection by 
various storage fungi and retards the loss of moisture and consequent 
shriveling. 

Judged from the infection data as well as the histological study, 
the rate of wound healing tends to increase as the temperature (com- 
bined with relative humidities above 90 percent) is raised from 12° to 
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about 32° C., when it commences to decline. Twenty-five days was 
required for periderm formation at 12°. 

If the moisture content of the air of the storage chamber is reduced 
beyond a particular point at each of the temperatures 12°, 23°, and 
28° to 29° C., healing of wounds in sweetpotatoes will not occur. As 
the moisture content of the air is raised above this point the rate of 
healing tends to increase. The range of relative humidities at 12° at 
which healing occurs is narrow (between 90 and 100 percent). As the 
temperature is raised to 23° and 28° to 29° the range of relative hu- 
midities at which healing takes place becomes progressively wider, 
the extent of the range depending somewhat on the duration of storage. 

Temperature as it affects the fungi producing the various rots is a 
factor in determining the rate and limits of infection. Although rate 
of infection increases as the temperature is raised above a minimum, 
the data show that the increase in rate is not as marked as in the case 
of wound healing. 

There are indications in certain instances that as the moisture con- 
tent of the air of the storage room is reduced beyond a certain point 
it tends to limit infection by its action on the pathogenes. 

The optimum, minimum, and maximum temperatures for growth 
of Diplodia tubericola are approximately 29° to 31°, 8° to 13°, and 
37° to 40° C., respectively. Infection of sweetpotatoes by D. tu- 
bericola has been obtained at temperatures from 12° to 37°, the most 
rapid decay occurring at 29° to 31°. The optimum, minimum, and 
maximum temperatures for growth of Scelerotium bataticola are 
approximately 31°, 8°, and 42° C., respectively. Infection of 
sweetpotatoes by S. bataticola has been obtained at temperatures from 
12° to 37°, the most rapid decay occurring at 29° to 31°. 

The data presented show that if sweetpotatoes are subjected to 10 
days of curing at temperatures from 22° to 32° C., combined with 
relative humidities of 90 percent and above, protection is developed 
in wounded tissue against the loss of moisture and consequent shrivel- 
ing and against infection by Rhiz zopus tritici, R. nigricans, Fusarium 
oxysporum, species of Fusarium causing end rot, Diplodia tubericola, 
and Sclerotium bataticola. These and other data show that this pro- 
tection is more effectively maintained in storage at 10° to 15° C. if 
the relative humidity, after curing, is above 80 percent. 

If wounded sweetpotatoes are stored 10 days at temperatures from 
12° to 37° C., combined with relative humidities above 90 percent, 
before inoculation in the case of Diplodia tubericola and Selerotium 
bataticola and without inoculation in the case of Rhizopus tritici, R. 
nigricans, Fusarium orysporum, and species of Fusarium causing end 
rot, infection during subsequent storage at different conditions is 
usually limited to roots stored at initial temperatures of 12° to 19° C. 
(sometimes as high as 21°), increasing with a lowering of the tempera- 
ture. Since storage for 10 days at initial temperatures between 21° 
and 32° (combined with high humidity) permitted the wounded 
tissue to heal, these combinations gave almost complete protection 
against infection during subsequent storage at various conditions of 
temperature and relative humidity. As the initial temperatures were 
raised above 32° there was sometimes greater infection during sub- 
sequent storage than in roots initially stored at 21° to 32°. 

Five days of initial storage of wounded sweetpotatoes at 25° C. 
and 94 percent relative humidity and 3 days at 29° and 96 percent 
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relative humidity, before inoculation, were required for the roots to 
develop sufficient wound periderm to prevent infection by Diplodia 
tubericola during subsequent storage. In the case of Sclerotium 
bataticola, the length of initial storage required to prevent infection 
during subsequent storage was 4 days at 31° and 94 percent relative 
humidity, and at 29° and 96 to 97 percent relative humidity, 3 days 
at 25° and 95 percent relative humidity, and 5 days at 22° and 94 
percent relative humidity. 

Infection by Diplodia tubericola and Sclerotium bataticola took place 
as readily in roots wounded and stored for 10 days at 13° C. and 
relative humidities of 59 and 69 percent before inoculation as in roots 
inoculated when freshly wounded, showing that healing had not taken 
place under these conditions. A 10-day initial storage of wounded 
roots, before inoculation, at 26° and 29°, combined with 92 and 97 
percent relative humidity, respectively, prevented infection during 
subsequent storage, showing that these initial storage conditions were 
favorable to wound healing. 


LITERATURE CITED 


1) Artscuwacer, F., and Starrett, R. C. 
1931. SUBERIZATION AND WOUND-PERIDERM FORMATION IN SWEETPOTATO 
AND GLADIOLUS AS AFFECTED BY TEMPERATURE AND RELATIVE 
HUMIDITy. Jour. Agr. Research 43: 353-364, illus. 
2) Harter, L. L., Lauritzen, J. I., and Weimer, J. L. 
1923. MOTTLE-NECROSIS OF SWEET POTATOES. Phytopathology 13: 145 
146, illus. 
3 and Weimer, J. L. 
1921. STUDIES IN THE PHYSIOLOGY OF PARASITISM WITH SPECIAL REFER- 
ENCE TO THE SECRETION OF PECTINASE BY RHIZOPUS TRITICI. 
Jour. Agr. Research 21: 609-625. 
(4) - and Werme_nr, J. L. 
1921. A COMPARISON OF THE PECTINASE PRODUCED BY DIFFERENT SPECIES 
OF RHIzOoPUsS. Jour. Agr. Research 22: 371-377, illus. 
(5 and Weimer, J. L. 
1923. THE RELATION OF THE ENZYM PECTINASE TO INFECTION OF SWEET 
POTATOES BY RHIZOPUS. Amer. Jour. Bot. 10: 245-258. 


f Weimer, J. L., and Apams, J. M. R. 
1918. SWEET-POTATO STORAGE-ROTS. Jour. Agr. Research 15: 337-368, 
illus. 


Hauman-Merck, L. 
1913. CONTRIBUTION A L'ETUDE DES ALTERATIONS MICROBIENNES DES 
ORGANES CHARNUS DES PLANTES. Ann. Inst. Pasteur 27: 501-522. 
(S) Lauritzen, J. I. 
1926. INFECTION AND TEMPERATURE RELATIONS OF BLACK ROT OF SWERT 
POTATOES IN STORAGE. Jour. Agr. Research 33: 663-676, illus. 


(9 
1926. A STRAIN OF YELLOW JERSEY SWEET POTATO RESISTANT TO SURFACE 
ROT (FUSARIUM OXYSPORUM SCHLECHT). Jour. Agr. Research 33: 
1091-1094. 
10 


1931. SOME EFFECTS OF CHILLING TEMPERATURES ON SWEETPOTATOES. 
Jour. Agr. Research 42: 617-627, illus. 
11 — and Harter, L. L. 
1923. SPECIES OF RHIZOPUS RESPONSIBLE FOR THE DECAY OF SWEFT POTA- 
TOES IN THE STORAGE HOUSE AND AT DIFFERENT TEMPERATURES 
IN INFECTION CHAMBERS. Jour. Agr. Research 24: 441-456, 
illus. : 
12) and Harter, L. L. 
1926. THE RELATION OF HUMIDITY TO INFECTION 
rHizopus. Jour. Agr. Research 33: 52 


OF THE SWEET POTATO BY 
7-539, illus. 


(13) Weimer, J. L., and Harter, L. L. 


1921. WOUND-CORK FORMATION IN THE SWEET POTATO. Jour. Agr. Re- 
> 


search 21: 637-647. 




















VARIATION AND CORRELATION IN GRAIN YIELD 
AMONG 1,500 WHEAT NURSERY PLOTS! 


By Gustav A. WIEBE? 


Assistant agronomist, Division of Cereal Crops and Diseases, Bureau of Plant 
Industry, United States Department of Agriculture 


INTRODUCTION 


In the future, increased grain yields of wheat probably will be 
secured by smaller and smaller increments, and the agronomist will 
have to use a finer, more accurate ‘‘sieve” in order to isolate the 
more productive wheats. This paper analyzes the variation and 
correlation in grain yield among 1,500 wheat nursery plots. Certain 
of the facts outlined will, the writer believes, permit the estimation 
of a smaller experimental error and show why some seeding arrange- 
ments give better results than others. 

In the past many experiments have been conducted to study the 
variability of field crops of all kinds and the means of reducing it to a 
minimum. For this purpose uniformity trials similar to the one 
about to be considered have generally been used. Comparatively 
little work has been done, however, toward determining the correla- 
tion between adjacent plots and those at a greater distance apart. 
This paper, therefore, is largely concerned with this part of the 
problem in relation to the general question of variability. The fol- 
lowing investigators have considered various — of the question: 
Mercer and Hall (75),° Hall and ee (9), Montgomery (16, 17), 
Kiesselbach (13), pat (14), Day (3 ), Stadler ( 18, 19), Hayes (12), 
Forster and Vasey (6), Gesten. Mcllvaine, of Hoover (7), String- 
field (20), Student (1), Summerby (21), Wood and Stratton (24), 
Griffee (8), Engledow and Yule (4), Christidis (2), and Harris (10, 11). 
These are referred to later as they touch upon the subject matter 
considered, 

MATERIAL AND METHODS 


The material for this study consisted of 1,500 rows of Federation 
wheat (C. I. no. 4734),* which is well adapted to the region where it 
was grown. The seed was pure. The crop was grown in the summer 
of 1927 on the west end of series 100 on the Aberdeen Substation, 
Aberdeen, Idaho. The ground had been uniformly cropped the 
previous year to field peas. The plot was seeded on April 18 with a 
grain drill that sowed eight rows at a time. The rows were 12 inches 
apart and 15 feet long. Because the land sloped gently to the south 
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and west, levees were necessary at 15- and 30-foot intervals. Figure 
| shows the general arrangement and the system of identifying 
individual series and rows. During the growing season the crop was 
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FIGURE 1 Field plan of uniformity experiments, showing general arrangement of rows. Series 2 and 3, 


4 and 5, were grown as 30-foot rows but were cut in 15-foot lengths at harvest time. 


irrigated four times. The average annual rainfall at Aberdeen is 
about 7 inches. The individual rows were harvested in August and 
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FIGURE 2.—Contour map of the grain yields obtained. The lines are at 40-¢ intervals. 


threshed with a small nursery thresher. The grain yields, recorded 
in grams per row, are shown in table 1. A contour map of the yields 
obtained in the plot is shown in figure 2. 
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The wheat yielded 63 bushels per acre, which is above the average 
for that region. No disease or insect damage was noticed. Although 
the height of plants and the weight of straw per row were recorded, 
only the yield of grain is discussed in this paper. 

Taste 1.—Yvield of grain from each of 1,500 15-foot rows of wheat, 12 inches 
apart, grouped in 12 series of 125 rows each 


Series Series Series | Series | Series | Series | Series | Series | Series | Series | Series | Series 
1 2 3 4 5 6 7 S 9 10 11 12 


715 595 580 580 615 610 
770 710 655 675 700 690 
760 715 690 699 655 725 
665 615 685 555 585 630 
755 739 670 SSO 545 629 
745 670 5R5 560 550 710 
645 690 550 520 639 
585 4195 455 470 555 
560 540 450 500 195 
685 730 610 500 





635 585 465 
655 530 455 465 560 


705 555 440 455 639 





128001—33— 
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TABLE 1.—-Yield of grain from each of 1,500 15-foot rows of wheat, 12 inches 
apart, grouped in 12 series of 125 rows each—Continued 
| : 
| Series | Series | Series | Series | Series | Series | Series | Series | Series | Series | Series | Series 










































, i 2 3 5 6 7 8 9 10 il 12 
| 685 750 825 | 715 580 | 660 655 451 | 542 2 | 642 2 
| 685 790 790 | 695 595 625 510 471 | } 3 

775 845 995 820 655 675 649 | 513 

645 | 870 | 890 | 749 | 615 | 655 | 555 558 

725 825 | 920 649 | 600 690 575 484 | 5 

650 865 935 690 645 640 530 507 

695 860 960 | 7 615 710 660 | 539 6 

735 | 910 | 975 | 680 | 700 | 770 | 526 

645 | 745 R15 700 605 615 605 594 | 

630 810 | 730 635 535 650 735 554 

680 745 | 45 561 | 

620 730 535 | 

620 745 550 | 

60 675 | 516 

625 | 700 618 

700 765 | 627 

685 | 785 602 

625 550 | 629 | 

745 790 608 | 

680 670 579 

655 730 | 642 

625 700 556 | 

670 735 541 

670 82) 689 

555 670 580 | 

659 685 559 

625 760 656 | 

629 740 641 } 

80 650 634 } 

615 705 652 

675 699 616 

720 820 755 | 

640 780 679 

630 800 665 

625 830 760 | 

470 685 539 } 

445 555 639 | 

400 570 749 | 

480 495 621 | 

55 660 729 

20 530 670 

490 475 538 

500 610 613 585 

425 560 645 537 

535 550 } 606 510 

560 500 560 575 500 475 610 591 199 

530 610 600 620 480 585 659 612 630 

570 585 635 765 550 |) O675 765 705 660 

505 500 580 655 170 | 585 570 5&5 619 

465 430 510 680 410 | #600 670 594 704 





Five aspects of = and correlation as a general problem are 
considered here: (1) Tne general sere | of the field, considered 
under an tro He a, a closed system; (2) the correlation between 
rows at different distances apart; (3) the ‘desc correlation and 
variation within combination plots compounded by different systems 
of replication; (4) the variation between combination plots com- 
pounded by different systems of replication; (5) the principle of 
maximum contiguity and its practical application. 


EXPERIMENTAL RESULTS 
GENERAL VARIABILITY UNDER AN EXTENDED AND A CLOSED SYSTEM 

In discussing general variability in yield, one must clearly dis- 
tinguish between “the extended system and the closed system. 

In the present discussion an extended system is one in which, at 
each successive consideration of v arisbility, more or less land is used. 
For example, if the variation of the 125 rows in series 1 is found, and 
the 125 rows of series 2 are added, making a total of 250 rows (each 
15 feet long), and the variation is again computed, then the general 
variability is investigated under an extended system. One may 
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increase or decrease the number of units of the same size, or one may 
keep their number constant and vary their size. In the present case 
both systems were used but always going from a smaller area of land 
to a larger one. 

In the closed system, on the other hand, the area of land remains 
the same, but the size and number of plots change. Under this 
system the variability of numerous smaller plots is studied first, and 
then a few larger plots are considered. In this study the increase in 
plot size may conveniently be limited to an increase in length of row. 
The size might also be increased by adding together rows lying side 
by side. The effect of shape of plot is discussed later. 

The problems to be determined in such a study of plot variability 
are: (1) The variation when more and more land is added to the 
experimental area while the size and shape of the ultimate plot remain 
the same; (2) the effect when more and more land is added and the 
number of plots remains the same but their size is automatically 
increased; and (3) the variation when the entire area is used at each 
consideration but the plots differ in size. 

Many studies have already dealt with plot variability, but the 
literature does not often state under which of the two systems the 
work was done. 

To determine the general variability under the systems outlined 
above, the mean, the standard deviation, and the coefficient of varia- 
tion were calculated for each of the 12 series. These figures are 
given in table 2. The coefficients of variation ranged from 9.98 for 
series 6 to 18.14 for series 3. The contour map (fig. 2) shows why 
this is true. Series 3 includes an area of relatively high yields, such 
as series 6 does not contain. More contour lines cross series 3 than 
series 6, and this map roughly indicates the variability existing at 
different points. 

TaBLe 2.—Mean, standard deviation, and coefficient of variation of grain yield for 
individual series of nursery plots of wheat 
[Each series included 125 rows 15 feet in length] 


| Mean yield per | Standard Coefficient of 





Deries HO. row deviation variation 
| Grams Grams 
‘. | 644. 58-+! 7. 29 81.47415.15| 12.64410.81 
a. a es 682. 98+ 8. 9 100. 23+ 6.34 14.684 .95 
7. 5 SERENA ES CEE 673. 382-10. 93 122. 18+ 7.73 18. 14+ 1.18 
_ : od 596. 26+ 8. 51 95. 18+ 6.02 | 15.96+ 1.03 
™ 544.744 6.92 77.42 4.90 | 14.2i+ .92 
6.. adiee aad ties 609. 384- 5.44 60. 844 3.85 | 9.984 .64 
Saves ‘ t iota 581.224 8. 28 | 92. 57+ 5.85 | 15.9384 1.03 
8... : “ wiee 524. 264 6.11 32. 32 | 13.084 .84 
ss ; : 510. 18+ 6. 21 13.62% .88 
10 a 2 546. 664 6.83 13.96+ .90 
= 541. 22+ 6.48 72.404 4.58 13.384 .86 
12. 599. 78 6.07 67.914 4.30] 11.324 73 





Standard error. 


Table 3 gives the mean, standard deviation, and coefficient of 
variation, as determined under the extended system, where the plot 
size remains the same but successive increments of land are added. 
The upper section of table 3 shows the variation existing among the 
125 rows of series 1 at the west side of the field and then the change 
in variation from west to east as the other series (125 rows each) are 
added one by one. In the lower section of table 3 the same method 
is followed, from east to west. The coefficients of variation so deter- 
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mined are shown graphically in figure 3. As indicated by the data, va- 
riability tends to increase as more land is brought into the experimental 
area. Although the lines in figure 3 fluctuate somewhat, the trend 
is upward. As such increased variability is not expected if the laws 
of random sampling are fulfilled, evidently the laws of sampling have 
not been strictly adhered to. The difficulty lies in the correlation 
existing between nearby rows and the significant differences between 
most of the means and standard deviations of the 125 rows of the 12 
series under investigation. The trend, therefore, should be upward, 
as is shown by table 2 in conjunction with table 3. To illustrate this 
point, consider series 1 and 2. Series 1 has a mean of 644.58 g and 
a coefficient of variation of 12.64 percent. Now, if series 2, which has 
a mean of 682.98 g and a coefficient of variation of 14.68 percent, is 
grouped with series 1, the inevitable result is increased variability for 
the larger area. Changes in variability of increased areas depend on 
two factors, namely, the mean and variability of the rows to be 
added in relation to the mean and variability of the rows already in 
the experiment. Reduced variability of the enlarged experimental 
area is expected if the rows to be added show less variability than 
those already under consideration and have a mean reasonably close 
to the latter, and also if they have an extremely small variability and 
a mean considerably different from that already in the experiment. 
On the other hand, increased variability is expected if the rows to be 
added have a greater variability than those already in the experiment 
and if their mean is reasonably close to the latter, and also if the rows 
to be added have less variability than those already in the experiment 
but a mean markedly different from the latter. Sometimes the mean 
and sometimes the variability of the areas added is the more important 
factor in changing the variability of the larger area. 


TABLE 3.—Mean, standard deviation, and coefficient of variation of grain yield 
for different series groupings, from west to east and from east to west 


WEST TO EAST 











. ; Mean yield per Standard | Coefficient of 
Series grouped — | Rows | row ' deviation } variation 
Number Grams | Grams 
1 125 | 644, 5827. 29 81. 47425.15 12. 64470. 81 
1,2 250 663.78+ 5.90 | 93. 334 4.17 14. 06 64 
1,2,3 375 | 666. 98+ 5.37 | 103. 94+- 3. 80 15. 58 8 
1, 2, 3,4 ons 500 | 649. 30+ 4.76 | 106. 33+ 3.36 16. 38 3 
1, 2, 3, 4, 5 sacha _ 625 | 628. ; 4. 38 109. 514+ 3.10 17. 43 
1, 2, 3, 4, 5,6 750| 625.224 3.77 103. 25+ 2.67 16. 51 44 
1, 2, 3, 4, 5, 6, 7 875 | 618. 94+ 3.48 102. 94+ 2.46 16. 63 41 
1, 2, 3, 4, 5, 6, 7,8 1, 000 607. 10+ 3. 29 | 104.10+ 2.33 17.15 39 
1, 2, 3, 4, 5,6, 7,8, 9 1,12) | 596.334 3.14 105. 34+ 2.22] 17.664 .38 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10 1, 250 491. 36-4 2.94 103. 89+ 2.08 | 17. 57 3 
1, 2, 3, 4, 5, 6, 7,8, 9, 10, 11 1, 375 | 586. 80+ 2.76 102. 45+ 1.95 17. 464 34 
1, 2, 3, 4, 5, 6, 7,8, 9, 10, 11, 12 1, 500 | 587. 89+ 2.58 100. 09+ 1.83 | 17. 03 32 
EAST TO WEST 

12 125 | 599. 78-426. 07 67. 91-424. 30 | 11. 32-420. 73 
12, 11 250 | 570. 504 4.81 76. 05+ 3.40 13.334 .61 
12, 11, 375 | 562. 55+ 3.97 76.974 2.81 13.68+ .51 
12, 11, 500 | 549. 464- 3.51 78. 51+ 2.48 14. 29 46 
12, 11, 625 | 544. 42+ 3.09 77.244 2.18 14.19+ .4l 
12, 11, 750 5+ 2.96 81.17+ 2.10 14.744 .30 
12, 11, 875 2.75 81. 24+ 1.94 14.534 .35 
12, 11, 1,000 | 2. 56 | 80. 90+ 1.81 14. 52 33 
12, 11, 4 1, 125 2. 49 83. 52+ 1.76 | 14.87+ .32 
12, 11, 4,3 1, 250 | 2. 67 94.324 1.89 16.474 .34 
12, 11, 10, 9, 8, 7, , 4, 3, 2 1, 375 | 2.70 100. 04+ 1.91 17.17+ .34 
12, 11, 10, 9, 8, 7, 6, 5, 4, 3, 2,1 1, 500 2. 58 100. 094- 1 


83 | 17.0834 .32 


1 Each row was 15 feet in length. ? Standard error. 
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In table 4, under the extended system of determining general vari- 
ability, the number of plots is kept constant but their size is increased 
by lengthening the rows, or, in other words, by adding together the 
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yields from rows the ends of which were adjacent to each other. 
The general trend of the coefficient of variation now is downward 



























































(fig. 4). In the former extended system, where the size of plot was 
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FiGURE 4.—Trend of the coefficient of variation, under an extended system, when the plot size is increased 


by lengthening the row, from west to east (solid line) and from east to west (dotted line). 


kept constant, the variability tended to increase; but in the present 
case, where the plots are allowed to increase in size while remaining 
the same in number, variability tends to decrease. This reduction 
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may be explained on the basis that when the rows are added—for 
example, row 1 in series 1 and row 1 in series 2—the positive and the 
negative deviations tend to cancel each other. The variability is not 
reduced in proportion to the square root of the number of rows com- 
bined. It is less than expected, because correlation exists between 
the rows combined. The sharp increase in the coefficient of variation 
in table 4 when series 3 was added undoubtedly is a result of the high 
variability of this series, the coefficient of variation being 18.14 percent 
(table 2). In most instances the averages of the rows added together 
were more variable than those of the rows already in the experiment. 


TaBLe 4.—Mean, standard deviation, and coefficient of variation of grain yield 
for different series groupings, of 125 rows of various lengths, from west to east and 
from east to west ! 

WEST TO EAST 











ae na . _ Length | Mean yield per | Standard | Coefficient of 
eries grouped (nos.) ofrow | row | deviation | variation 
| | 
Feet Grams Grams | 
1 15 644. 5824-27. 29 12. 64+20. 81 
1,2 30 1, 332. 10+14. 00 11.754 . 
1, 45 | 2, 002. 6623. £ 13.124 .84 
l, 4 60 2, 600. 424-28. ! 12. 294 79 
1, 2, 3, 4, 5 75 | 3 74+34. 05 12. 11+ 78 
1, 2,3, 4,5 90 | 3, 50+37. 06 11.05+ .71 
1, 2, 3, 4, 5 105 4, 372. 264-42. 34 10. 83+ 69 
1, 2, 3, 4, 4 126 4, 848. 744-44. 44 10, 254 66 
1, 2, 3, 4, 5, 9 7 = 135 5, 369. 05-446. 81 9.754 .62 
1, 2, 3, 4, 5, , 9, 10 “ — .| 150 5, 910. 504-49. 82 } 9. 424 60 
1, 2,3, 4,5 » 8,9, 10, 11 - “ | 145 | 6, 457. 704-53, 02 | 592 4 9. 182 59 
1, 2, 3, 4, 5 . 9, 10, 11, 12 —_ 180 | 7, 054. 50+-56. 76 | 634. £ 56-4 40. 13 9.004 .57 
EAST TO WEST 

12... 15 599. 78+26. 07 67. 914-24. 30 | 11. 32+? 0.73 
12,11 30 1, 134. 98+10. 55 117.97+ 7.46 | 10.394 .66 
12. 11,10 45 1, 682, 98-15. 68 | 175. 32+11. 09 10.42+ .67 
12, 11, 10,9 , _ 60 2, 196. 2 231, 82+14. 66 10. 464 6s 
12, 11, 10,9, 8 ” 75 : 1. 286. 74418. 14 | 10. 54+ 67 
12, 11, 10,9, 8, 7 90 3, 303. | 360. 024 22.77 10.90-+ .70 
12, 11, 10,9, 8, 7,6 105 3, 918, ! 5 | 396. 34425. 07 10. 114 65 
12, 11, 10,9, 8,7 120} 4, 458. 02 | 430. 91-427. 25 9.67+ .f2 
12, 11, 10,9, 8, 7. 135 4, 057. 502. 42+31.78 | 9. 934 63 
12, 11, 10, 9, 8, 7 150 5, 737. 70449. 40 552. 35434. 93 | 9. 634 61 
12, 11, 10, 9, 8, 7. 165 6, 405. 824-54. 72 | 611. 76+38. 69 9.554 .6l 
12, 11, 10, 9, 8, 7, 180 7.054. 50+56.76 | 634. 56-40. 13 | 9. 004 





The rows were lengthened by adding together the yields from rows which had their ends adjacent to 
each other. 
Standard error. 


Under the closed system, a constant area of land is considered 
but different-sized subunits are used i in studying its variability. In 
each study, furthermore, all the land is used. Table 5 records the 
data from a treatment of this kind. The size and number of the 
plots must necessarily change as the study progresses. The change 
in size in these data has been limited to a lengthe ning of rows. Figure 
5 shows graphically the relationships found. Under the closed system, 
theoretical curves can be calculated and compared with the actual 
one. These curves also are shown in figure 5. Only certain row 
lengths can utilize all the land each time the v ariability is determined. 
These lengths are 15, 30, 45, 60, 90, and 180 feet. A gradual reduc- 
tion in variability occurs as the length of row is incre ased. For the 
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15-foot rows it is 17.03 percent, for the 180-foot rows 9.00 percent, of 
the mean yield. Since increasing the size of plot is equivalent to 
averaging adjacent plots, this reduction in variability should be 
proportional to the square root of the number of plots in each group 
when, and only when, the intraclass correlation coefficient between 
the plots grouped is zero. The theoretical curve of reduction in vari- 
ability under these conditions is the lowest one shown in figure 5. 
It certainly does not agree with the actual results. 

Since adjacent rows are positively correlated, as will be shown later, 
it is interesting to see what form the theoretical curve takes in com- 
parison with the actual when this fact is considered. To compute the 
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Ficurt 5.—Trend of the coefficient of variation, under a closed system, when rows of different lengths 
are considered. The theoretical lines when r=0 and r+0 are also shown 


variability with r as an influencing factor, the following formula 
given by Yule (25, p. 350) was used: 


2 eo Se © “ 
om [1+ (n—1)r] 


where o,, is the standard deviation of the combination plots desired, 
o, the standard deviation of the ultimate plots, n the number of 
ultimate plots in the combination plot, and r the intraclass coefficient 
of correlation for the particular combination plot under consideration. 
The intraclass coefficients of correlation have been calculated by 
Harris’ method, and the equation is given later. Table 5, column 8, 
records the intraclass correlations used in ascertaining the theoretical 
coefficients of variation in column 6. Now, columns 5 and 6 agree 

a fact brought out very clearly by figure 5. Change in variability in 
a closed system of this kind is therefore a function of the number of 
ultimate plots combined and their intraclass correlation. General 
disregard of the intraclass correlation unquestionably accounts for 
the poor agreement between actual and theoretical curves. 
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TABLE 5.— Mean, standard deviation, coefficient of variation, and intraclass correla- 
tion coefficient of grain yield for rows of various lengths, when the entire area is 
ulilized for each row length '! 


Coefficient of variation | Value 
| | of 
- _ te Mean yield Standard intra- 
(feet) | Pe re deviation nal | Theoretical | Theoretical cla 
} Actua when r+0 when r=0 ny 
Number Grams Grams 
15 1, 500 587. 89-+ 2 2. 58 100. 09+-2 1. 83 17. 038+? 0.32 | 17.03%? 0.32 | 17.0342 0.32 
0 750 1, 175. 30+ 6.55 179. 32+ 4. 63 15. 254.40 | 15.254 .40/)12.084 .32| +0. 604 
45 500 1, 761. 46411. 56 258. 54+ 8.18 | 14. 662.47 | 14.664 .47 9. 834 32 +. 611 
0 375 2, 350. I8+16. 51 319. 7411. 68 | 13. 59+. 51 | 13. 594 51 8. 514 .3l |} +. 516 
”) 250 3, 526. 82+-28. 71 153. 9420. 30 | 12. 86+. 58 | 12. 864 . 58 6. 9524 31 +. 484 
ISO 125 7, O54. 504-56. 76 634. 564-40. 13 9. 00+-.57 | 9. 00-4 57 4.91 .31] +. 214 


rhe rows were lengthened by adding together the yields from rows which had their ends adjacent to each 
other 
? Standard error 


CORRELATION BETWEEN ROWS AT DIFFERENT DISTANCES APART 


In the previous section, the marked effect of the coefficient of intra- 
class correlation upon the variability between combination plots was 
pointed out. Student (/) makes the following statement: ‘‘The art 
of designing all experiments lies even more in arranging matters so 
that 7, (the correlation between paired plots) is as large as possible, 
than in reducing o,” and o,.’’ With this in mind, a study was made 
of the correlation between the ultimate plots when the distance between 
them was varied. 

The method of calculating the correlations is as follows. Suppose 
the correlation coefficient between rows 8 feet apart is desired. It 
may be designated rj, because the distance between rows numbered 
| and 9 is 8 feet. The correlation table is entered with rows 1 and 9 
of series 1 as the first pair, rows 9 and 17 as the second pair, rows 17 
and 25 as the third pair, etc. Thus there were 15 pairs for each series, 
or 180 pairs for the 12. The procedure of arriving at pairs in the other 
series was the same as for series 1. 

As noted above, the rows were sown with a grain drill that seeded 
eight rows ata time. At harvest time, it was noted that the distance 
between some of the rows was not exactly 12 inches. The result was 
a small amount of systematic variation within a drill width. Some 
variations also occurred in the distance between rows where one drill 
width of rows bordered another. To avoid these systematic errors, 
no outside row of any drill width was used as a member of a pair in 
the present correlation study. Actually, in working out rj, the cor- 
relation table was entered with the first pair as rows 3 and 11, the 
second as 11 and 19, the third as 19 and 27, ete. For r,, the first pair 
was rows 3 and 6, the second 11 and 14, the third 19 and 22, ete. All 
the coefficients were calculated for rows 15 feet long. 

After the correlation scatters had been made they were coded, and 
r was computed by the following formula: 

0," +0? — 0-2" 
2(o; d2) 


A calculating machine and a short-cut method reduced the labor to a 
minimum. 
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The values for r obtained at different distances are recorded in table 
6 and are shown graphically in figure 6. Most of the coefficients cal- 
culated were on distances that lie in a north-south direction. To see 
whether an east-west direction would give a different value, the co- 
efficients for 18- and 36-foot distances were calculated. These are 
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Fiaure 6.—Correlation between grain yields of 15-foot rows at different distances apart. The circles (0) 


indicate correlations when the distance between rows was in a north-south direction, and the crosses (+) 
when the distance was east-west. The line drawn to fit the points is a “freehand ”’ curve. 


shown as crosses (+-) in figure 6; the circles (0) are for coefficients in 
a north-south direction. 


TaBLE 6.—Correlation between grain yield of the ultimate rows (15 feet in length) 
when the distance separating them is varied 


Direction and 
distance between 


Direction and 


Cc | 
distance between crreratson 


coefficient 


Correlation 
coefficient 


rows (feet) rows (feet) 
North to south North to south 
1 +0. $21 32 +0. 366 
2 +. 781 40 +. 29] 
828 1s +. 246 
6 +. 721 56 | 1+.,179 
8 750 64 1+.112 
9 +. 773 , 
‘ast to ues 
12 710 Kast to west 
16 667 1S + 560 
24 +. 516 36 +. 381 


! Not significantly different from zero 


Figure 6 shows that the correlation falls off as the distance between 
rows increases. The line drawn to fit the points in this figure is a 
freehand curve, not one fitted by statistical methods. The correlation 
decreases at an almost uniform rate as the distance increases. The 
two east-west values shown as (+-) fit very closely to what would be 
expected on a north-south basis. The values calculated at the 56- and 
4-foot distances are +0.179 and +0.112, respectively, but these do 
not differ significantly from zero. All the other values are significant. 
The relationship shown here for the value of r and the distance 
between rows is discussed again later. 

INTRACLASS CORRELATION AND VARIATION WITHIN COMBINATION PLOTS COM- 
POUNDED BY DIFFERENT REPLICATION SYSTEMS 

The term ‘‘replication’’ is used here in its broadest sense. Forming a 
combination plot from two adjacent ultimate plots is considered repli- 
cation just as much as if the plots had been distributed by some ran- 
dom or controlled system and at a greater distance from each other. 
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For this study the last 5 rows of each series were not used, so that 
120 rows remained in each series. This was done because 120, an 
even number, is exactly divisible by more numbers than is 125. The 
number of rows used, therefore, was 1,440 instead of 1,500. 

The relationships of replication to intraclass correlation and varia- 
tion within combination plots are considered under two aspects. 
(1) When the replicates are distributed by contiguous association, 
one may conveniently speak of size and shape of combination plot in 
referring to number and arrangement of the contiguous ultimate plots, 
to whose intraclass correlation and variation they have an important 
relation. (2) When the replicates are distributed noncontiguously, 
they may be considered in two ways: (a) Completely at random and 
(6) at random within certain established limits. 


Contiguous DIsTRIBUTION OF REPLICATES 


In evaluating the intraclass correlation and variation within com- 
bination plots, the intraclass correlation coefficient developed by 
Harris (10) and the analysis of variance by Fisher (5) were used. 
The equation for computing the value for the intraclass correlation 
coefficient r follows: 


{[S(C,?) —S(p*)]—m[n(n—1)]} —p’? 


r= 
Tp 
where 
r=mean correlation between the yields of all the ultimate 
plots within a combination plot. 
C,=total yield of a combination plot. 


p=yield of an ultimate plot. 
m=number of combination plots. 
n=number of plots within a combination plot. 
p=mean yield of the ultimate plots. 
o,—standard deviation of the ultimate plots. 
S=summation. 
To illustrate the meaning of r obtained by this method, a combina- 
tion plot formed from 3 adjacent rows is used. There are then 


n(n—1) 


5 or 3 pairs of yields to be entered in the correlation table, 


€ 


namely, yield of row 1 with yield of row 2, 1 with 3, and 2 
with 3. If the pairs are entered also as 2 with 1, 3 with 1, and 3 
with 2, the correlation table is made symmetrical. This reciprocal 
method of entry gives n(n—1) pairs of entries for each combination 
plot, and thus the entries are made for all the other combination plots. 
Thus, r is the mean correlation coefficient between the yields of all 
the ultimate plots within a combination plot. A combination plot 
may be defined as one made by adding together the desired number 
of ultimate plots. For example, a plot having a width : length ratio 
of 4/30=0.1333 and a size of 8 rows is formed by adding rows 1 to 4 
of series 1 to rows 1 to 4 of series 2. The second plot is made from 
rows 5 to 8 of series 1 plus rows 5 to 8 of series 2, and so on for the 
other combination plots. 

The intraclass correlation coefficients were calculated for a number 
of plot sizes and shapes and are given in tables 7 and 8. Table 7 
gives the value of r for varying plot sizes when certain definite plot 














rev. 15,1935 Variation and Correlation in Grain Yield of Wheat 343 


































t shapes are considered. In table 8 the value of r is for varying plot 
- a = ice : a 
n shapes when certain definite plot sizes are considered. The data show 
“ that the correlation becomes less with an increase in size when any 
particular shape of plot is considered, and for a constant size becomes 
- less as the plot becomes long and narrow. 
3 
L, , TaBLE 7.—Relation of size of plot to intraclass correlation coefficient and to 
n 4 coefficient of variation of yield of grain within and between combination plots 
, compounded by contiguous association, when different shaped plots are considered 
3 
’ 1 
it aes ; | 
‘ j Shene of plot Size of plot Coefficient of variation | 
P : SAAPS OF Peo Com- Intraclass 
d width bination correlation fess } 
length plots 7 ., |coefficient| Within com- | Between com- 
—_ Row Area bination plots | bination plots 
, | | 7 
Feet Coefficient Number | Number | Sq. ft | } 
15/15= 1. 0000 96 | 15 | 225 +0. 6 10.00+10.19 | 14.18+11.04 
be 30/30=1. 0000 24 60 900 +. } 12.50+ .23 | 1214+ 1.78 | 
. 180 8 | 120 +. 6 9. 70+ | 78 | 
\ 20 72 1, 080 + 12. 40+ 1.97 | 
| 360 4 60 +.7 9. 30+ 58 
_ & 90 16 240 +.§ 11. 57+ 98 
n 40 | 36 540 | +. 11. 744 1.44 
10 | 144 | 2,160 | +.350 | 13.834 2.44 
| 720 | 2 30 a .42 
180 | Ss 120 +. 564 | 11.32+ 72 
45 | 32 480 +. 4! | 12.662 1. 26 
20 72 1, 080 +. 3¢ 13. 324 1.79 
41,440 1 | 15 ere) TREE eI . 33 
360 4 | 60 +. 11. 46 53 
| 90 16 | 240 +. 12. 47+ 92 
40 36 | 540 +. | 13. 15: 1.27 
He 10 144 | 2,160 +. 16. 00+ 1. 50 
( 720 7 30 | +.6 10. 71+ i+ .41 
180 8 120 +. 11.934 .23 | 13.084 .70 
80 18 | 270 | +.4 |} 12.864 .24 11.774 .94 
20 72 1,080 | +. | 15.88+ .30 | 6.924 1.10 
. 0222 480 3 45 +.6 |} 10.624 .20 14.684 .48 
= 0167 360 | 4 60 +.5 11.854 .22 | 13.604 .52 
.O1L1 240 6 90 +. 12.234 .23 | 1287+ .60 
. 0056 120 12 180 +. 15. 26+ .29 9.00+ .59 
u - 
1 Standard error. 2 Number of ultimate plots. 
TaBLE 8.—Relation of shape of plot to intraclass correlation coefficient and to 
Shy <i ae : —s nee 
coefficient of variation of yield of grain within and between combination plots 
i- compounded by contiguous association, when different sized plots are considered 
n a ” aa oe! 
e Size of plot | | Coefficient of variation | 
’ Shape of plot Combi- | Intraclass 
| width nation | correlation 
2 Rows pee Jeneth plots | coefficient | Within combi- | Between combi- 
3 (number) | | nation plots nation plots 
F 
Syuare | 
yn | feet | Feet Coefficient | Number | 
5 2 | 30 | 2/15=0.1333 | 720 | +0.679 9. 72410, 18 15. 72410. 42 
Be 2 30 1/30= . 0333 720 | +. 604 10.71 .20 | 15.264 .41 | 
ill 4 | 60 4/15= . 2667 360 +.710 | 9.304 .17 | 15.154 .58 
—— 60 2/30= . 0667 360 | +. 554 11.464 .22 | 13.994 .53 
ot 4 60 1/60= . 0167 360 +. 516 11.85 .22 13.604 .52 
er s 120 | 8/15= . 5333 180 | +. 681 9.70+ .18 14.564 .78 
: 8 | 120 4/30= .1333 | 180 | +. 564 11.324 .21 13.504 .72 
i0 x 120 2/60= . 0333 130 | +.516 | 1198+ .23 | 13.0834 .70 
| 16 =6| 280 8/30= . 2667 | 90 +.545 | 1157+ .22 | 12.994 .98 
4 16 240 4/60= | 0667 9 | +.471 2474 .24 | 1218+ .92 
m 36 540 12/45= . 2667 | 40 | +.532 | 11.744 .22 | 12.664 1.44 
36 | 540 6/90= . 0667 40 | +.413 | 13.154 .25 11. 24+ 1.27 
he 72 1,080 | 24/45 33 2 | +.477 | 12404 .23 | 1225+ 1.97 
72 1,080 | 12/90= . 1333 0 +.398 | 13.324 .25 11.214 1.79 
72 1,080 | 6/180= . 0333 20 | +.143 | 15.884 _30 6.92+ 1.10 
er 144 2, 160 24/90= . 2667 10 | +.350 | 13.83 .26 | 10.774 2.44 
Ms | 144 2,160 | 12/180= . 0667 10 +.130 | 16.00 31 6.68+ 1.50 | 
i | 1 15 1/15= . 0667 \°3ae I-- 17.16 .33 
' 
ot ne a "en 








1 Standard error. Number of ultimate plots. 
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The trends in the value of the correlation are those expected on 
the basis that ultimate plots farther apart are less highly correlated. 
When two combination plots have the same shape, the ultimate plots 
of the larger are farther removed from each other than are those of 
the smaller. And since the value of r is based on all the possible 
n (n—1) pairs of the ultimate plots compounding a combination plot, 
a smaller value from the larger combination plot is expected, which 
is in fact the case. The same reasoning holds true when the combi- 
nation plot remains constant in size but changes in shape. In the 
long narrow plot the distance between ultimate plots that go to make 
up all the pairs is again greater than for a relatively square plot, and 
hence a lower value for r is to be expected. 

All the plot shapes given in tables 7 and 8, when not square, had 
their greatest length in an east-west direction. 

The variability of the ultimate plots within a combination plot is 
determined by two different methods that give identical results. 
In one, Harris’ intraclass coefficient is used in the equation 


Oy’ —0,'(1—r) 


where o, is the standard deviation of the ultimate plots within a 
combination plot; ¢, the standard deviation of all the ultimate plots, 
secured by dividing the squared deviations by n; and r the intraclass 
correlation coefficient. The other method is Fisher’s (5) analysis of 
variance. The principle will not be described here, being found in 
texts by Fisher (5) and Tippett (23). To illustrate the method, 
however, the variability within a combination plot of 16 ultimate 
plots and with a width : length ratio of 8/30=0.2667 was computed. 
These data are shown in table 9. The second line of the table refers 
to that part of the variability which is within combination plots. 
The standard deviation found was 68.03, or 11.57 percent of the 
mean value of the ultimate plots. The equation 


Cn =¢,°(1—?r) 
gives an identical value. 

The coefficients of variation within combination plots are given in 
column 6 of tables 7 and 8. Table 7 gives the variability within 
plots for varying sizes when certain definite shapes are considered. 
Variability within combination plots decreases with a decrease in size 
when the shape remains the same. This result might be expected 
because contiguous plots tend to yield alike. As the intraclass corre- 
lation coefficient increases in value, the variability decreases within 
the combination plot. This follows from the relationships in the 
equation 

oy =, (1—r). 


Table 8 shows the data arranged with size as the constant factor but 
with shape allowed to vary. Here the intraclass correlation increases 
and the variability within combination plots decreases as the shape 
of the latter approaches a square. 

The data show that the size and shape of combination plots have 
an important bearing on the intraclass correlation and variation 
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within them. Hence, when studying the size of combination plots 
in relation to the intraclass correlation and the variation within 
them, one should keep the shape constant. Conversely, when shape 
is being studied, the size should be held constant. 


TABLE 9.—Analysis of variance of grain yield between and within combination 
plots compounded from 16 ultimate plots and having a width : length ratio of 
8/30—0.2667 


Variation Degrees of} Sum of Mean Standard | Coefficient 

— freedom squares square deviation | of variation 

Between combination plots SY &, 393, 855 94, 313.0 307. 10 12. 99 
Within combination plots 1, 350 6, 248, 202 4, 628.3 68. 03 11. 57 


Total 1, 439 14, 612, 057 10, 175. 2 100. 87 17. 16 


NoNcONTIGUOUS DISTRIBUTION OF REPLICATES 


The only difference in studying intraclass correlation and variation 
within combination plots under this system and under the one just 
considered is in the distribution of the replicates. In the former 
study, where plot size and shape were emphasized, the replicates 
were distributed by contiguous association. In the present case, the 
replicates are distributed by noncontiguous association. The study 
has been carried out with two types of distribution: The replicates 
are distributed (1) completely at random and (2) at random within 
certain arbitrary limits. For 24 replicates, as an example, under the 
latter system of distribution, each of the 12 series was divided so 
that rows 1 to 60 constituted one group and rows 61 to 120 another 
This gave 24 groups in all. One replicate then fell at random within 
each of these groups. Under the first system of distribution the 
replicates fell completely at random within the 1,440 rows used. 

The data secured from this study appear in table 10. Under both 
systems of distributing replicates, the variation within combination 
plots of all sizes is always higher than 17.16, the coefficient of varia- 
tion for the 1,440 ultimate plots i in the study. This result was sur- 
prising, as the coefficients had been expec ‘ted to vary around 17.16 
asa mean. The explanation is that in every case a small negative 
intraclass correlation exists, which, when considered, enables one to 
calculate a theoretical figure agreeing with the one actually found. 
When the replicates are distributed completely at random, none of 
the intraclass coefficients, though all are negative in sign, is signifi- 
cantly different from zero. When, however, the replicates are dis- 
tributed at random within arbitrary limits, all the intraclass correla- 
tions are again negative in sign and significantly so. The significance 
of the intraclass correlations was tested by the z test of Fisher (5). 

For replicates distributed at random within arbitrary limits, the 
trend is definitely toward reducing both the coefficient of variation 
and the intrac lass correlation coefficient as the number of replicates 
is increased. Perhaps no such trend exists when the replicates are 
distributed completely at random. 
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TaBLE 10.—Actual and theoretical coefficients of variation of grain yield within 
and between combination plots, and intraclass correlation coefficients, when the 
replicates are distributed (1) completely at random and (2) within certain arbi- 
trary limits 


REPLICATES DISTRIBUTED COMPLETELY AT RANDOM 


Coefficient of variation within Coefficient of variation between 


Repli- combination plots combination plots Intra- Is 7 
cates | class signifi- 
(num- lation | , cant 
ber) ! nae Theoretical | Theoretical ae Theoretical |Theoretical | “ z test 
Actual when r+0 | whenr=0 Actual when r+0 | when r=0 Ww) 
1 ila “ y " . 17. 16+:70. 33}- 
3 7 17. 39+?0. 33) 17. 39220. 33) 17. 16420. 33; 9.6384 .31) 9.63470. 31 4 90420. 32|—0. 0275 No 
6 17.244 .33) 17.244 .33) 17.164 .33) 6.824 .31) 6.824 . . 32) —. 0104) No. 
12 17.244 .33) 17.244 .33) 17.164 .33) 4.674 .30) 4.674 . 32) —. 0099) No 
24 * 17.19% .33) 17.19% .33) 17.164 .33) 3.354. 31) 3.354 32 0036) No. 
48 17.214 .33) 17.214 .33) 17.164 .33) 2.064 .27| 2.06+ . 32) —. 0066) No 
60 17.224 .33) 17.224 33) 17.16% .33) 1.704 .25) L70+ 32) —. 0070; No 
180_..../ 17.18% .33) 17.18% .33) 17.164 .33) .894 .22) .894 . 32} —. 0029 ( 





REPLICATES DISTRIBUTED WITHIN CERTAIN ARBITRARY LIMITS 


1 awed . . = -| 17. 1670. 33 » 





2 -| 18. 71470. 36) 18. 71+? 0. 36 17. 16470. 33) 10.924 .29) 10.92+? 0. 29) 12. 1342 20. 32) - -0. 1898) Yes 
3 “ 18.08+ .35) 18.034 .35) 17.164 .33) 8.80+ .29) 8.80+ .29)/ 9.904 .32) —. 1052) Yes 
4 7.764 .34) 17.764 .34) 17.164 .33) 7.604 .28) 7. 60+ 28) 858+ .32| —.0716) Yes. 
6 . 34) 17.66 .33) 17.164 .33) 5.88% .27) 5.884 . 127 7.00+ .32) —. 0592) Yes 
, 34) 17.474 .34) 17.16% .33) 3.814 .25) 3.814 .25) 4.954 .32| —.0370) Yes 
60 17.262 .33) 17.264 .33) 17.164 .33) 1.154 .17) 115% .17)/ 2.214 .32) —. 0124) Yes 
180 ~-| 17.18% .33) 17.184 .33/ 17.164 .33 87+ .22 -872 .22) 1.284 .32) —.0030 ( 


! Number of replicates refers to the actual number of ultimate plots compounding a combination plot 
? Standard error. 
3’ The number of combination plots is too small for an accurate test. 


The existence of negative intraclass correlation coefficients has 
more than a passing interest. The negative correlation results from 
a reduction of the product moment in the equation for the calculation 
of r. That a negative r exists for combination plots compounded 
from two ultimate plots selected at random within arbitrary limits 
is shown by the contour map (fig. 2). Here the field was divided so 
that series 1 to 6 constituted one group and series 7 to 12 the other. 
The map shows that as combination plots are made by selecting at 
random one plot from each group, a high-yielding plot of the first 
group may often be combined with a relatively low -yielding plot in 
the second. When such pairs are entered in a correlation table in 
excess of the normal amount as expected from a normal distribution 
solely on the basis of chance, then a negative value is obtained. 
Perhaps when the means of the two groups differ significantly, a 
negative intraclass correlation coefficient follows. In the particular 
case considered, the means did differ significantly, and the value 
of —0.1898 for r (table 10) is significantly different from zero. 


VARIATION BETWEEN COMBINATION PLOTS COMPOUNDED BY DIFFERENT 
REPLICATION SYSTEMS 


Sometimes larger units than the ultimate one used in these experi- 
ments are desired. To investigate this phase of the problem the 
coefficients of variation for the larger plots were calculated. As 
in the preceding section, it is convenient to treat the variation be- 
tween combination plots when they are formed (1) from contiguous 
ultimate plots and (2) from noncontiguous ultimate plots. In the 
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former instance size and shape may conveniently be discussed in 
relation to variation, and in the latter the number and the systems of 
distribution of ultimate plots, as replicates in relation to variation. 


Contiguous DIsTRIBUTION OF REPLICATES 


[It is to the variability between combination plots that most inves- 
tigators have devoted their attention. In order to study this phase 
of the problem, the coefficients of variation were calculated for 
different sizes and shapes of combination plots. The data for the 
relation of size to variability, with shape constant, are given in 
table 7, and for the relation of shape to variability, with size constant, 
in table 8. The data show that the variability diminished as the size 
of plot was increased for any particular shape, and also as the shape 
of plot became long and narrow for any particular size. The results 
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Ficure 7.—Coefficient of variation between combination plots in relation to replication by contiguous and 
noncontiguous association for various numbers of ultimate plots grouped. It is possible to calcmate two 
additional theoretical curves, one of which wil! pass through the circles and the other through the squares, 
representing the reduction in variation under two different systems of noncontiguous replication for 
various numbers of ultimate plots grouped. 


emphasize the importance of keeping shape constant when studying 
size and size constant when studying shape. 

The upper line (solid) of figure 7 shows the relationship between size 
of combination plot and variation for a particular plot shape of the 
width: length ratio=0.2667. For simplicity’s sake the curves for 
the other plot shapes are not shown. They are, however, similar in 
type. The lower line (solid) (fig. 7) is the theoretical curve expected 
on the basis that the reduction in variation is proportional to the 
square root of n, the number of ultimate plots grouped. A wide 
discrepancy appears between the two curves. However, by allowing 
for the correlation that exists among the ultimate plots compounding 
the combination plots, a second theoretical curve can be constructed 
which agrees perfectly with the actual results obtained. This curve 
is the dotted line just below the solid line in figure 7. Actually the 
two curves are identical, but on the planar graph they had to be drawn 
parallel to each other. The reduction in variation is therefore a 
function of n, the number of ultimate plots grouped, and of r, their 
intraclass correlation coefficient. The equation for computing the 
variation as a function of n and r has already been cited. 
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NoONCONTIGUOUS DISTRIBUTION OF REPLICATES 


The usual practice in agronomic field experiments is to distribute 
several replicates of the treatments or varieties over the area on which 
the tests are made. In studying this type of procedure, combination 
plots were compounded with different numbers of replicates or ulti- 
mate plots distributed in different ways. Of the many possible 
systems of distributing the replicates only two are investigated in this 
study: (1) That in which distribution 1s completely at random and 
(2) that in which distribution is at random within certain arbitrary 
limits. Replicates may fall next to each other by chance, but such 
cases are exceedingly few and will not influence the results to any 
marked degree. 

The results of this study appear in table 10. The data show that 
the reduction in variation, as the number of replicates is increased, 
is much greater under this system than where the replicates are dis- 
tributed by contiguous association. This fact is shown graphically 
in figure 7. The reduction in variation is nearly proportional to the 
square root of the number of replicates used. In every case investi- 
gated, the actual reduction of variation was slightly greater than that 
expected on the basis of a zero correlation coefficient between the 
replicates of the combination plots. These discrepancies are caused 
by the existence of small negative intraclass correlation coefficients, 
the values for which are given in table 10. When these coefficients 
are considered, the theoretical figure for the variation agrees exactly 
with the one actually obtained. Table 10 shows this in columns 5 
and 6. Two theoretical curves can therefore be calculated, one passing 
through the circles and the other through the squares of figure 7. 

When the same number of replicates was investigated under both 
systems of distribution mentioned above, the reduction in variation 
was always slightly greater where the replicates were distributed at 
random within certain arbitrary limits. The difference is explained 
by the value of the intraclass correlation coefficient, the only factor 
left to vary when two systems involving the same number of replicates 
are compared. If the equation for computing the intraclass correla- 
tion coefficient is examined, the only variable that changes, 7, evi- 
dently is the product moment part, as all the other variables remain 
constant. Hence, if one can explain why the product moment changes 
for different systems of distribution, the difference in variation follows 
logically. For the sake of brevity, it will suffice to show how the 
product moments differ for the 2 systems when only 2 replicates are 
considered. Suppose the 2 replicates compounding a combination 
plot yielded alike, say 500 g each. Then the product (500500) will 
be a maximum. Any other division of the yields of the replicates, 
say 490 and 510, will give a product of lower numerical value. This 
unequal division of the replicates compounding a combination plot 
(an inequality too great to be caused by chance alone in drawing at 
random from a normally distributed population) probably explains 
the difference in the product moments. To illustrate more specifically, 
let the first replicate be selected from series 1 to 6, the second from 
series 7 to 12, both selections being at random within these areas. Now 
the mean yield of the ultimate plots of series 1 to 6 is 625.22+3.77 g; 
of series 7 to 12, 550.55+2.96 g. The difference (74.67+4.79 g) 
is highly significant. The product moment formed by selecting the 
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first replicate from a group ranging around 625.22 as a mean and the 
second from one ranging around 550.55is less than the product moment 
from two replicates selected at random around the grand mean of 
587.89+2.58 g. Obviously, the average difference between the means 
of the first and second replicates, each selected completely at random, 
would not exceed some 15 times its standard error except in a very 
large number of trials. 

As shown earlier in this paper, adjacent rows are positively corre- 
lated, and significant positive correlations are found between rows up 
to a distance of 48 feet apart. Now the establishment of arbitrary 
limits on a field of this kind tends to make the variation of the means 
(derived from the ultimate plots within the limits) greater thanif the 
same number of ultimate plots were selected at random. Since the 
means vary more, the product moment of the intraclass correlation 
coefficient of single replicates selected at random from within these 
delimited groups will be less, for the reasons just stated. Hence the 
variation between combination plots compounded by a systematic 
distribution of the replicates will usually be less than where the 
replicates are distributed completely at random. 


THE PRINCIPLE OF MAXIMUM CONTIGUITY AND ITS PRACTICAL APPLICATION 


According to Student (1, pp. 274-275), the principle of maximum 
contiguity in field-plot technic was deduced a priori by E. S. Beaven. 
Although the principle is not formally defined, its essence is contained 
in the following statement by Student: 

* * * naturally the nearer two plots are together the more likely is the 
soil and its condition to be similar on each of them, and the obvious conclusion 
may be drawn that the smaller the plots the more exactly can the yield of adjacent 
plots be compared. 

Applied to the data under consideration, the principle may be 
stated as follows: When the yields of nearby plots are correlated, the 
mean distance between the contiguous ultimate plots compounding 
combination plots has an influence on the variability within and 
between the latter. Hence the nearer the ultimate plots are together 
in a combination plot of a given size, the less will be the variability 
between these plots. 

The question as to the best size and shape of plot on which to place 
a single replication of a number of varieties may be approached on 
the principle of maximum contiguity, assuming that the variance 
between replications can be eliminated by methods given by Student 
(1), Fisher (5), or Engledow and Yule (4). Suppose three varieties 
of wheat are to be tested for their yielding ability. In the United 
States, the ultimate unit of small-scale testing is usually a three-row 
block, 15 to 18 feet in length, of which only the center row is harvested. 
The rows are usually 12 inches apart, and sometimes their ends are 
discarded before cutting to eliminate any border effect. A total of 
nine rows then will be needed to test the three varieties, which are 
distributed at random in each replication. In table 8 the nearest 
size of plot investigated contains. eight rows. Using this size in 
ascertaining the best arrangement in which to grow the rows, one 
finds that the coefficient of variation of the rows within the plot for 
this size decreases in proceeding from a long narrow plot (width: 
length ratio 0.0333) to one more nearly square (width: length ratio 
0.5333). The actual coefficients are 11.93, 11.32, and 9.70. Obvi- 
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ously, the plot with the smallest coefficient (9.70) would be best for 
testing the three varieties. 

As another example, suppose 24 varieties are to be tested. his 
will require a plot of 72 rows. Three shapes have been investigated 
for this size, with results shown in table 8. Here again, the more 
nearly square the plot the smaller will be the coefficient of variation, 
Under the restriction that all the land had to be used whenever a 
particular grouping was studied, a plot shape more nearly square 
could not be made for a size of 72 rows. If the general trend of 
variability is at all indicative, one would expect a lower figure even 
than 12.40 (this is for a width: length ratio of 0.5333) for a square plot. 

The following general procedure seems to be a practical application 
of the principle of maximum contiguity when the yields of numerous 
varieties are to be tested. As previously shown in this study, the 
variation of ultimate plots within a combination plot compounded 
from contiguous replicates of a given number decreases as the com- 
bination plot changes in shape from long and narrow to square, 
Within square combination plots, the variation of the ultimate plots 
decreases as their number decreases. One must therefore select the 
number of varieties that are to be grouped into one replication of 
the test, and then arrange them to form a combination plot as nearly 
square as is practicable. In the present case, five varieties would seem 
a desirable number to select. One replication of these would occupy 
15 ultimate plots, and they could, by the principle of maximum 
contiguity, be arranged into a square combination plot. In order not 
to introduce a bias in estimating the experimental error, the varieties 
in any one replication will be assumed to be arranged at random. 
All the varieties, in groups of five, can then be investigated as to 
yielding ability. It seems also advisable to include in each group of 
five a standard or check variety which is the same for each group. The 
experimental error is perhaps best estimated by an analysis of vari- 
ance, deducting the variance due to replications and varieties from 
the total variance in arriving at the experimental error. If a very 
large number of varieties are to be tested, the experimental error 
need not be calculated for each group of 5; but the average error 
from several groups of 5 may be applied throughout all the groups 
of 5 varieties. The only valid use of the error is, of course, in com- 
paring the yields of the five varieties in a group. Of particular inter- 
est is the comparison of the standard or check variety with each of 
the four other varieties in the group. 

In another plan that seems to have some points of merit, the 
varieties are planted in sequence 1, 2, 3, ... mn, and repeated in 
like manner for all subsequent replications. Every fifth, tenth, 
fifteenth, twentieth variety, etc., is a standard variety or check. 
The experimental error is estimated in the same manner as in the 
preceding case. The present arrangement permits the error to be 
applied as a ‘‘moving error” for any contiguous group of five varie- 
ties. For instance, the average yields of varieties 6, 7, 8, 9, 10 may 
be compared with each other. The same is true of varieties 7, 8, 9, 
10, 11, 12; 9, 10, 11, 12, 13, ete. The “‘moving error”, which has the 
same percentage value throughout the experiment, permits each of 
the four varieties between the checks to be compared with both 
those checks. For example, variety 8 can be compared with the 
check varieties at 5 and 10. Often two check varieties are used alter- 
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nately, as when the hybrids of a cross are compared with the parents. 
The type of planting suggested here is well suited for that purpose. 
The efficacy of this method to reduce the experimental error depends 
on the value of the intraclass correlation coefficient. A valid objec- 
tion to this planting scheme is that it is systematic and may therefore 
introduce some bias into the experimental error. A slight bias in the 
error might, however, be easily outweighed by other practical con- 
siderations, such as ease in planting, harvesting, etc. Further studies 
on this point are needed, 
DISCUSSION 


When the general variability in grain yield within a field is investi- 
gated by adding more plots of the same size and shape to enlarge the 
field, Stringfield (20) and Stadler (18) showed that the total variation 
has a tendency to increase. In this paper such a procedure is called 
the extended system of sampling. Stringfield studied the variation 
of increasing field sizes when the plot sizes varied from those customary 
in nursery work to 0.1 acre. In all cases, he found the total variation 
increased as more and more land was brought into the experimental 
area. Both wheat and oats were used in his studies. Stadler, work- 
ing with nursery plots of the same grains, had similar results. The 
data of the present study agree with those of Stringfield and Stadler. 
Since the variation and mean yield of the plots to be added to the 
experimental area are unknown, the variation of the enlarged area 
cannot be predicted. Apparently the only conclusion warranted by 
the data at hand and by those of others (18, 20) is that the total 
variation will perhaps be greater for the larger area than for the smaller 
one. Change in variation of increased areas depends on the relation 
of the mean and variation of the additional plots to those already in 
the experiment. 

Under another type of extended system, where more and more land 
is brought into the experimental area by increasing the size (in this 
study, lengthening the individual rows) of the original plots, the total 
variation tends to decrease. Stringfield (20) studied a comparable 
case with similar results. Here, again, the actual variation cannot be 
predicted beforehand, because the character of the land added is not 
known. In part, at least, the reduction occurs because positive and 
negative deviations cancel each other as adjacent plots are added 
together and because the variability of a series of averages (adjacent 
plots added together) tends to be less than that of the single plots. 

When the variability of different row lengths is investigated and 
all the land is used for each study (the closed system), the variability 
decreases as the rows become longer. From a practical viewpoint of 
field-plot technic the question might be asked, what is the best length 
of row to use? The length of row in nursery practice has usually 
been determined by convenience: 16 feet for wheat, 15 for oats, and 
20 for barley. The yields from these row lengths, taken in grams, 
are easily converted into bushels per acre. It seems rather anomalous 
that the row lengths in common practice should have been selected 
onsuch a criterion, As shown by figure 5, the curve for the coefficient 
of variation is almost a straight line, although the reduction in going 
from a 15-foot to a 30-foot row is a little greater than for any other 
part of the curve. The present study does not seem to justify a 
departure fromthe row lengths now used. 





352 Journal of Agricultural Research Vol. 50, no. 4 


The correlation between adjacent rows and those at greater dis- 
tances has been investigated by Hayes (12) and Griffee (8). Hayes, 
ey! wheat and oats, computed the corr 4 avn for rows separated 
by 3, 6, 9, 12, 15, and 30 feet, respectively. He found that the corre- 
lation dec nena as the distance between rows was increased. Griffee, 
working with wheat, calculated the values of r for rows up to 10 feet 
apart. Though this is only a short distance, still the values he found 
seemed to be smaller as the distance was increased. On the whole, 
the values obtained in the present study agree with those of Hayes 
and Griffee. They are higher for c omparable distances between rows, 
but this difference may not be significant, as there is not a priori 
reason why they should be equal. A possible influencing factor may 
be that Hayes and Griffee correlated row lengths slightly longer than 
those in this study; they used rod rows, whereas in this study the row 
lengths were 15 feet. According to the data at hand, the value oj r 
diminished as the distance between plots increased; and the resulting 
curve, shown in figure 6, is very nearly a straight line. Significant 
correlations were not demonstrated beyond 48 feet. 

After Harris (10, 11) developed a short-cut method for calculating 
the intraclass correlation between the ultimate units compounding a 
combination plot, this feature of field-plot technic could be studied. 
The method is applicable to combination plots where the replicates 
are distributed either contiguously or noncontiguously. The former 
distribution has been used in the most extensive studies made, 
Harris has devoted a good deal of attention to this matter. He com- 
puted the coefficients from a relatively large number of uniformity 
trials distributed throughout the world and planted to a considerable 
variety of crops. The coefficients ranged from +0.020 to +-0.830 for 
adjacent plots. Harris was able to show that the correlation decreased 
as the number of ultimate plots in a combination plot increased. 
Garber, McIlvaine, and Hoover (7), working with wheat, also found 
the correlation to decrease as the number of ultimate plots in a com- 
bination plot increased. The data from the present study agree with 
those just mentioned (7, 10, 11). For the particular crop studied 
(wheat) they have been extended to cover a greater range of com- 
bination plot size and shape. Heretofore, plot shape has been largely 
disregarded when the intraclass correlation for varying sizes was being 
studied. These experiments emphasize the fact that plot shape is an 
important factor in determining the numerical value of the coefficient. 
For any given size of combination plot the intraclass correlation 
coefficient became greater as the shape approached a square. The 
data showing these relationships are given in tables 8 and 9. 

The variation of the ultimate plots within a combination plot has 
a simple relation to the intraclass correlation coefficient, as is shown 
by Fisher (5). The relation is an inverse one; that is, as the correla- 
tion of the ultimate plots of a combination plot increases, their varia- 
tion decreases. The variation, therefore, decreases when the shape 
is constant but the size decreases, and similarly when the size is con- 
stant but the shape approaches a square (tables 7 and 8). 

The intraclass correlation coefficient and the variation within com- 
bination plots were also calculated when the replicates were distrib- 
uted noncontiguously. Garber, McIlvaine, and Hoover (7), investi- 
gating some wheat-yield data in this way, concluded that the intra- 
class correlation for replicates thus distributed was sensibly zero. 
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The distribution in their case was systematic. In the present study, 
two types of distribution were used: The replicates were distributed 
(1) completely at random and (2) at random within certain arbitrary 
limits. The resultant data are given in table 10. The intraclass 
correlation coefficients for both types of distribution proved to be 
much smaller than when the replicates were contiguous. When dis- 
tribution is completely at random the values for r are not significantly 
different from zero, but when it is systematic they are significantly 
different. The variation of the ultimate plots within combination 
plots is in these instances also inversely related to the intraclass corre- 
lation, as indicated in the preceding paragraph. Care must be taken, 
however, in interpreting the present cases, as the sign of r is negative. 

The variation between combination plots has received most atten- 
tion from investigators. It is discussed separately for combination 
plots formed by contiguous and noncontiguous distribution of the 
replicates. Mercer and Hall (15), working with wheat combination 
plots distributed contiguously, found variability decreasing as plot 
size increased. Other investigators who obtained similar results 
with wheat are Montgomery (/6, 17), Forster and Vasey (6), Day (3), 
Summerby (21), Stringfield (20), and others. In the present study 
similar results were obtained; as the size of plot was increased for any 
particular shape, the variability decreased. The data are given in 
table 7. A general criticism that might be made of some earlier work 
is that the plot shape was not kept the same when size was investi- 
gated in relation to variability. 

Lyon (14) was perhaps the first to point out that plot shape is an 
important factor in plot variability. Analyzing the data from the 
Mercer and Hall (15) wheat trial, he showed for the two plot shapes 
studied that long, narrow plots were more uniform than square ones. 
Day (3), studying the data from a wheat uniformity trial, reached the 
same general conclusions. He found the long, narrow plot of partic- 
ular advantage if its greatest dimension extends in the direction of 
greatest soil variation. An objection to Day’s analysis is that he 
kept his plot size only within certain limits when studying the effect 
ofshape. Stringfield (20) concluded that among small-grain nursery 
plots increasing the length was distinctly more advantageous than 
increasing the width. The most extensive examination of plot shape 
as related to variation was made by Christidis (2), who critically 
analyzed the results of eight uniformity trials and found that in no 
case were square plots less variable than long, narrow ones. In cer- 
tain cases, the latter shape could not be shown statistically to have 
any advantage, but he concluded that those cases were open to 
criticism because certain mechanical errors were not kept properly 
under control. Other investigators of wheat who have found a reduc- 
tion in variability for the long, narrow plot are Summerby (2/), 
Forster and Vasey (6), and Kiesselbach (13). The results of the 
present study (table 8) agree with those just reviewed; they show 
that plot variability is influenced by both size and shape, and that one 
must keep size constant when studying shape, and vice versa. 

_ The variation between combination plots compounded by noncon- 
tiguous distribution of the replicates has been studied by Mercer and 
Hall (15) and many other investigators. The efficacy of this method 
in diminishing the variation has not been seriously challenged by any 
one, so far as the writer is aware. The data of this study (table 10) 
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confirm the results of other workers. The reduction in variation is 
nearly proportional to the square root of the number of replicates 
used. 

Tedin (22) has investigated eight uniformity trials from different 
parts of the world by different systems of distributing the replicates, 
He found that systematic arrangements introduce a bias in the esti- 
mated error of the experiment, and in general give estimates either 
over or under those derived from random arrangements. The data 
secured in this study also agree with his findings. Figure 7 shows 
that the variation for noncontiguous replicates distributed at random 
within certain arbitrary limits is always less than where distribution 
is completely at random. Practical considerations may, however, 
be more important than the slight bias introduced. More studies 
are needed on this point. 

Many contributors to the subject of field-plot technic have had 
difficulty in harmonizing their actual curves with those based on 
the equation where the reduction in variation between combination 
plots is proportional to the square root of n, the number of ultimate 
plots grouped. Student (1), Engledow and Yule (4), and Stadler 
(19) have pointed out that the reduction in variation is proportional 
to the square root of n only if the intraclass correlation is zero. Where 
the combination plots are compounded from contiguously distributed 
replicates, the intraclass correlation usually has a significant positive 
value and hence the variation is reduced less than expected. On the 
other hand, when the replicates are distributed in a systematic non- 
contiguous manner, the correlation is more often negative in value 
and the variation is reduced more than expected. The present study 
shows that the actual and theoretical curves agree absolutely if the 
latter are calculated as a function of n and r. The equation express- 
ing the relationship is given in the text. The relation of actual and 
theoretical curves is shown graphically in figures 5 and 7, and the data 
are given in tables 5 and 10. 

Like the variation between combination plots, the theoretical vari- 
ation within combination plots can be computed. A different equa- 
tion, however, must be employed. 


SUMMARY AND CONCLUSIONS 


The total variation tends to increase as more land is added to the 
experimental area, provided the size and shape of the ultimate unit 
remain the same. 

The total variation tends to decrease as more land is added to the 
experimental area and the size of the ultimate plot increases, provided 
the number of plots remains the same. In this connection the size of 
the plot was increased by lengthening the row. 

When the entire experimental area is used in each study of the rela- 
tion of variation to increase in row length, the variation tends to 
decrease and is a function of n, the number of ultimate plots combined, 
and r, their intraclass correlation coefficient. The change of variation 
under these conditions is nearly linear. 

As the distance between the rows (the ultimate plots) increases, 
their correlation decreases. Statistically significant correlations 
could not be shown beyond 48 feet. 

















350 





reb. 15,1935 Variation and Correlation in Grain Yield of Wheat 








The intraclass correlation coefficient, calculated according to a 
formula of Harris, increases as the size of the combination plot (com- 
pounded by contiguous association) decreases, provided the shape 
remains constant. When the size of plot remains the same, the 
coeflicient increases as the shape of the plot approaches a square. 

The variation of the ultimate plots (rows) within a combination 
plot compounded by contiguous association may be secured from the 
intraclass correlation coefficient with the aid of an equation or from 
an analysis of variance. The two methods of approach lead to the 
same result. 

The variation within combination plots compounded by contiguous 
association decreases when the shape is constant but the size decreases 
and also when the size is constant but the shape approaches a square. 

The variation within combination plots compounded by noncontig- 
uous association approaches the total variation. The nearness of 
approach depends on the value of the intraclass correlation. In this 
study the variation within the combination plots was slightly greater 
than the total variation because of the small negative values for r. 

The variation between combination plots compounded by con- 
tiguous association increases when their shape is constant but their 
size decreases and also when their size is constant but their shape 
approaches a square. 

The variation between combination plots compounded by non- 
contiguous association decreases as the number of ultimate plots 
grouped becomes larger. The reduction in variation is nearly pro- 
portional to the square root of n, the number of plots grouped. 

The decrease in variation between combination plots is greater 
when the replicates are distributed over the experimental area than 
when they are distributed by contiguous association. 

The discrepancy frequently found by agronomists between actual 
and theoretical curves for the decrease in variation between combina- 
tion plots, as more ultimate plots are used, is shown to result from the 
correlation between the ultimate plots compounding the combination 
plots. The variation is a function of n, the number of ultimate plots 
grouped, and r, their intraclass correlation. When n and r are both 
considered and the correct theoretical curve is calculated with these 
as the independent variables, the actual and theoretical curves agree 
exactly. 

When the replicates were distributed in a noncontiguous manner, 
complete random distributions gave less bias to the estimate of the 
experimental error than did systematic distributions. 

The data indicate that a smaller experimental error is obtained by 
grouping the varieties of each replication so as to make the distance 
separating them a minimum. The application of this method, 
called the principle of maximum contiguity, permits a greater part of 
the total variance to be apportioned to that designated as ‘‘ between 
combination plots”, which can be eliminated statistically, and thus 
leaves a smaller portion for calculating the experimental error. 

The data suggest the use of two systems of plot arrangement for 
nursery practices when the number of varieties to be tested is large. 
These systems involve the principle of maximum contiguity. The 
varieties to be tested are divided into groups of 5. One of the 5 in each 
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group is a standard variety, or check, and the groups are replicated the 
desired number of times.’ In one system, the varieties are distributed 
at random in each group; in the other, they are arranged in the same 
sequence in the replications. An experimental error 1s calculated by 
analysis of variance for each group of 5 varieties when the number of 
varieties tested is not too large. When many varieties are tested, 
the average error from several groups of 5 may be applied throughout 
all the groups of 5. When the varieties are planted in sequence, the 
experimental error may be used as a “moving error’’ and applied to 
any contiguous group of 5 varieties. The moving error permits any 
variety to be compared with the check, or standard variety, on either 
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MORPHOLOGY AND BIOLOGY OF THE WHEAT JOINT- 
WORM GALL! 


By W. J. Puiuips, entomologist, and F. F. Dicks, assistant entomologist, Division 
of Cereal and Forage Insect, Bureau of Entomology and Plant Quarantine, United 
States Department of Agriculture ? 


INTRODUCTION 


The study of the morphology of wheat-stem galls caused by the 
wheat jointworm, Harmolita tritici (Fitch), was begun by the senior 
writer in 1927 at Charlottesville, Va., but it was incidental to the 
investigation of the insect itself and the measures for its control. 
During the winter of 1932-33, however, it appeared that with more 
material available facts of definite economic importance might be 
revealed. In the spring of 1933, therefore, a large number of galls, 
collected during the period of development of the insect from hatching 
to maturity of the larva, were preserved at Charlottesville. During 
the previous winter, arrangements had been made with the laboratories 
located at Wichita, Kans., and Lafayette, Ind., to preserve wheat 
stems in their various stages of growth. Since then a comparative 
study of the plants from the three localities relative to their suscepti- 
bility to jointworm attack, has been made. 

As late as 1904 F. M. Webster stated that Harmolita tritici was not 
known to occur west of the Mississippi River. Since that time it has 
been found in the Wheat Belt as far west as central Missouri and also 
in Utah, California, and Oregon. The results of this investigation 
may explain why the wheat jointworm does not occur in Kansas and 
how its ravages may be materially reduced in the Eastern and Central 
States. 

HISTORICAL RESUME 


A large amount of work, mostly in Europe, has been done on the 
morphology and biology of insect galls. Anyone interested in this 
subject should consult the bibliographies given by Kinsey (6) * and 
by Ross (9). Neither bibliography is complete, but each supplements 
the other. Ross does not list North American works. His book is 
very recent, however, and is of more general interest inasmuch 4s it 
covers the whole field of gall-forming organisms. 

In reviewing the literature on gall-forming insects, one is struck by 
the small amount of work that has been done on the chalcids. This 
may be due to the fact that, so far as known, all chaleid galls are small 
and inconspicuous, and perhaps are found mostly on the grasses. 

Only three published articles on the morphology and biology of Har- 
molita galls have been found. One paper (8) deals with galls on Ficus 
spp. and Cattleya sp.* and the other two (3, 5) are on the terminal 
and axillary bud galls of Agropyron spp. These papers are of little 

’ Received for publication Dec. 3, 1934; issued April 1935. 

? The authors acknowledge their indebtedness to W. H. Larrimer, under whose general supervision the 
work was done, for encouragement and helpful suggestions; to W. R. Walton for criticism of the manu- 
Script; and to Ivey F. Lewis, of the Miller School of Biology, University of Virginia, and Ernst Art- 


eer, of the Bureau of Plant Industry, U. S. Department of Agriculture, for valuable suggestions on 
technic 


* Reference is made by number (italic) to Literature Cited, p. 385 
‘ These gall makers, in all probability, do not belong to the genus Harmolita. 
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interest in the present study, since they involve different species and 
different parts of the plants, and the plant responses are very different. 
Besides, the wild grasses involved continue growing throughout the 
season, as is largely true of the bud galls on them, whereas the wheat 
jointworm galls mature slightly in advance of the wheat plant. 


METHODS AND PROCEDURE 


In order to make a complete study of the morphology and biology 
of the galls produced by Harmolita tritici, tissues were preserved daily 
from the moment the eggs were deposited until the larvae became full 
grown. ‘To accomplish this, wheat plants were transplanted to 12- 
inch flowerpots, and each plant was labeled and enclosed within a 
10-inch glass cylinder, the upper end of which was covered with cheese- 
cloth (fig. 1, A). From 30 to 40 females were then introduced into 
each cage, and the place of oviposition on the culms and the approxi- 
mate number of eggs deposited were recorded. No female was allowed 
to remain in a cage longer than 8 hours, frequently half that period 
being sufficient for infestation of all susceptible culms. Plants in the 
field also were covered with cylinders in the same manner, and oviposi- 
tion was recorded. These field plants were used principally for study- 
ing the later instars of the larvae and the older gall tissue. 

Fixing solutions of several kinds were used, but the formalin- 
acetic-alcohol mixture gave the best results. The tissues were de- 
mineralized in 10-percent hydrofluoric acid for 3 days, dehydrated, 
and cleared according to Zirkle’s (13) butyl-aleohol method. Hance’s 
(4) paraffin-rubber mixture was used for embedding during the winter 
of 1933-34. In previous work the old method with xylol and ordi- 
nary paraffin had been followed, but the butyl alcohol and paraffin- 
rubber combination was found to be superior. Sections were cut 
to a thickness of 14y and stained in iron-alum haematoxylin. Gen- 
tian violet, acid fuchsin, and orange G were used as counter stains. 
The violet was found to be a more satisfactory counter stain for the 
older tissues. 

OVIPOSITION 


DEPOSITION OF THE EGG 


Harmolita tritici oviposits in the rapidly growing culms of wheat 
after these have reached a certain critical stage of development. 
When the complete mechanism of oviposition is thoroughly under- 
stood it becomes at once one of the most interesting and, perhaps, 
most important phases of the whole subject of wheat jointworm gall 
formation. It will, therefore, be treated at some length. 

The female locates a suitable point for oviposition by walking 
slowly up and down the wheat culm, tapping its surface continually 
with her antennae as she moves along. This process may occupy 
considerable time even when a culm in the proper stage of growth 
is under examination. The place selected for oviposition is at the 
upper side of a node, in tissue that will later form the internode. 
The ovipositor (fig. 1, B) is inserted slightly below the meristematic 
region, at the union of a leaf base with the stem (fig. 2, B and C). 

It will be noted from figure 1, C and D, that there is as yet no 
visible evidence of the node at the point of oviposition, as the inter- 
node below has not 'engthened sufficiently to elevate it into view. 
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FiGuRE 1.—A, Breeding cage; B, the spearhead of the ovipositor lance, X 628; C, female Harmolita tritici 
in the first position for oviposition, < 2; D, female in the final position and in the act of oviposition, X 2; 
E, internode that was too old and tough at the time of oviposition to respond properly to the stimuli 
incident to the presence of the larvae, and the expanding gall tissue ruptured the epidermis, expelling a 
larva (p. 367), X 6; F, different types of galls that may be found in any wheat field infested with H. tritici, 
the long gall at the left is the type most frequently found, and the two warty galls at the right are the 
kind that develop from the type flustrated at E in which the larvae rarely mature; almost natural size. 
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Ficure 2 


(For explanatory legend see Opposite page) 
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That is, the node at the oviposition point is covered by the sheath 
of the next lower leaf. The only way one can definitely locate such 
a node without removing the sheath 1s by pressing the stem between 
the fingers. Occasionally females do attempt oviposition at an ex- 
posed node where the tissue is older and harder, but such nodes are 
difficult to pierce, and larvae do not mature in this older tissue. 

After selecting the point for oviposition, the female, with her head 
directed down the stem, lowers the abdomen to the surface of the 
culm, and, at the same time, she brings the tip of it forward until 
the abdomen is at right angles to the thorax (fig. 1, C). The ovi- 
positor is pointed into the tissues and the abdomen is elevated to 
almost a vertical position. The ovipositor is used very much as a 
gimlet to bore a hole through the leaf sheath (fig. 2, A) into the 
tender tissues of the culm, slightly below the meristem of the inter- 
node, until a vascular bundle is reached within the culm. By refer- 
ring to figure 3, C, it will be seen that the phloem lies beside and 
external to the xylem in a vascular bundle of the collateral type. 
The ovipositor passes through the phloem until it reaches the xylem 
tubes, the hardest elements of the internal tissues at this point, then 
it turns upward, following the tubes (fig. 2, B) until the hole made 
by the ovipositor is of sufficient depth. At this time the insect is in 
the position shown in figure 1, D. The female remains in this posi- 
tion for several minutes in order to allow the egg to pass down the 
oviduct and into the tissues of the plant. The ovipositor is then 
partially withdrawn and thrust back into the tissues in a different 
direction (fig. 2, A) in search of another vascular bundle, where an 
additional egg is deposited. This latter process may be repeated 5 
or 6 times, resulting in the deposition of as many eggs through one 
external opening. It may be seen (fig. 2, A) that all the eggs cannot 
be placed in the same horizontal! plane, even though the same external 
opening is used. Those eggs placed in the vascular bundles immedi- 
ately under the body of the female will be highest in the internode as 
they are placed at the farthest point attainable, and those deposited 
in the bundles to her right or left will be lower. The insect doubt- 
less finds the epidermis difficult to pierce with the ovipositor and 
probably saves a great deal of energy by depositing several eggs 
through a single opening. 

After oviposition is completed at the first external puncture, the 
female frequently moves around the stem in the same horizontal 
plane (fig. 2, A) and bores a second hole to insert more eggs. Occa- 
sionally as many as 16 eggs are deposited in the meristematic tissue 
immediately above a node (fig. 3, A). Figure 3, B, shows a highly 
magnified vascular bundle with an egg in place and almost against the 
xylem tube, and figure 3, C, shows a normal bundle of the same age. 
The average in nature, as shown by dissection of many mature galls, 
is about 6 or 7 larvae to the infested internode. 





EXPLANATORY LEGEND FOR FIGURE 2 

A, Cross section of a wheat culm, at the top of a node, through an oviposition puncture 1 day old. Note 
how the channel branches towards the vascular bundles; below this, and farther around the stem, 
may be seen traces of other channels emanating from another puncture that does not show in this 
section. On the opposite side of the stem may be seen still fainter traces of channels from another ovi- 
position puncture that is not shown; X 25. B, A longitudinal section of the three upper nodes and the 
embryonic head of a wheat culm. All the three nodes and internodes together measured about one-half 
inch. The dotted line indicates the position of the day-old egg in the meristem, just above the node; 
xX 7.8. C, The egg and the surrounding meristematic tissue shown in B, but more highly magnified; 
note how closely the oviposition channel follows the xylem tubes and that the egg lies in the phloem 
with one side almost against the xylem tubes; < 58. 
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Ficure 3.—A, Cross section of internode containing 16 day-old eggs, X 64. All the eggs are in the phloem 
of the vascular bundle and there are only three large bundles that do not contain eggs. B, Vascular 
bundle 1 hour after oviposition, X 330. C, Normal vascular bundle from the same section as B, X 330. 








om 
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The eggs are always found in the phloem of the vascular bundle 
(fig. 3, A and B), or in the parenchyma immediately adjoining it. 
Numerous galls have been sectioned, involving the cutting through of 
many eggs, and, with perhaps one exception, the female has never 
been found to miss the mark; and in this exceptional case the egg was 
located very close to the phloem. Although the eggs are usually 
placed in the large bundles, an egg may occasionally be found in one 
of the small vascular bundles near the epidermis; however, even here 
the egg is properly placed in the phloem. 

The writers have never found a record in literature to indicate that 
any female gall-making insect selects the phloem for the placement of 
the egg. This, of course, is the most favorable location for the place- 
ment of the eggs, since the prospective larvae would be surrounded by 
rich food material immediately upon hatching. Other gall-making 
insects select various parts of the host plant, the eggs of some being 
placed even on the surface of leaves, the gall tissue growing up around 
them from all sides. A number place their eggs in the cambium layers 
and others under the growing points of buds. In general it appears 
that the vascular system of gall tissue is simply a modified extension 
of the regular vascular system of the neighboring normal tissue, 
whereas in the case of the wheat jointworm gall the normal vascular 
system of the internode involved, as later described, is almost entirely 
destroyed (figs. 4, B, C, and 11, A, B). 

The fact that the eggs are precisely placed in the phloem makes 
oviposition a tedious operation. If the female could puncture the 
meristem at any point without regard to its age and texture and could 
insert the eggs in a haphazard manner, the process would be greatly 
simplified. It is necessary for her to probe the tissues carefully to 
locate the vascular bundle in which to place each egg. Since only one 
egg is placed in the phloem of any bundle, a fresh bundle must be 
sought for the deposition of each individual egg. The larvae thus 
find themselves so placed as to intercept the rich sap flowing in the 
main conduction channels carrying elaborated foods and, therefore, 
have the first call on the resources of the plant. 


FACTORS INFLUENCING OVIPOSITION AND THEIR RELATIONSHIP TO CONTROL 
MEASURES 

The most important factors influencing oviposition are temperature, 
the size of the host plant, and the structure of the meristematic 
regions of the culms where the eggs are to be placed. 

Oviposition occurs very sparingly at temperatures below 70° F. and 
is most active at or a little above 80°. Regardless of temperature, 
adults are inactive at night and during stormy weather. They are 
rather frail creatures and heavy rain and wind storms are very 
disastrous to them. Under the most favorable circumstances a female 
may deposit the majority of her eggs and die at the end of 2 days. 
Apparently no eggs develop after the female emerges. Cold, cloudy 
weather may prolong the lives of the adults for an additional 3 or 
4 days. . 

The portion of the culm usually most attractive for oviposition is 
only about one-fourth inch in length, or, if there should be two more 
nodes above this, all three together at this time would measure about 
a half inch (fig. 2, B), and it is rare that on any one culm there will 
128001—35——6 
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FIGURE 4 { and B are transverse sections of two galls from the same culm during the second !arva! period. 
The eggs for each gall were deposited the same day, and the tissues were preserved in a fixing solution 
when at the same age. The gall from which B was cut was the internode immediately above A, and 
therefore the younger and more tender internode. Note that the larvae and the gall tissue have developed 
normally in B. The tissue in A was too old to respond to the stimulus incident to the presence of the 
larvae, and normal gall tissue did not develop; A, X 18.7, B, X 23.6. C, Normal food tissue surrounding 
normal larvae shown at the upper left in B, x 64. D, A portion of A at higher magnification; all larvae are 
dead in this internode and no rich food tissue surrounds them; the larvae starved and died in consequence, 
< 44. Ee, Normal parenchymatous tissue outside the gall area of the second larval instar, X 138. /, See- 
tion illustrating loss of polarity in gall tissue of the second larval instar, * 150. 
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be on one day more than one attractive node. Regardless of favor- 
able weather conditions the females will ordinarily not oviposit in 
any but attractive material, but frequently a female will work indus- 
triously in an effort to oviposit in a second internode and may succeed 
in placing several eggs. Larvae hatching in such positions cause 
warty or irregular deformations, as shown in the two very short galls 
in figure 1, F. Rarely do such larvae reach maturity because the 
tissues in these locations are too old to respond to the stimuli incident 
to their presence, with the result that insufficient food material to 
nourish them is deposited in the cells immediately surrounding the 
larvae (fig. 4, A and D). Occasionally the tissues are so hard that 
the pressure of the enlarging cells within ruptures the epidermis and 
expels the larva from the plant, as shown in figure 1, FE. Typical 
galls of Harmolita tritici are shown in figure 1, F. The longer galls 
(at the left) are the forms most commonly observed. 

This very important fact was strikingly illustrated in one of the 
field observation cages in 1933. Females oviposited in two internodes 
of a culm on the same day. When the larvae were in the second 
instar, as determined by dissections of other plants of the same cage, 
the gall tissues at the two infested internodes of this culm were killed 
in fixing solutions at the same time. These two galls were embedded 
and sectioned in January 1934. Figure 4, A, B, C, and D, shows the 
gall tissue in the higher internode to be perfectly normal in every 
way, and the developing larvae are normal. The larvae in the lower, 
older internode are dead and the gall tissue is not normal. The 
tissues at this internode were too old and hard when the eggs hatched 
to respond in the usual manner to the stimuli incident to the presence 
of the larvae, with the result that sufficient food materials to nourish 
them were not deposited in the immediately surrounding cells. Thus, 
the larvae starved not because the plant was not manufacturing 
sufficient nourishment to supply them, for the larvae located in the 
tender meristematic tissues at the internode immediately above were 
then being properly nourished, but because the tissues had become 
too tough and hard to respond to the stimuli. 

Wheat culms may be found having several internodes infested by 
the jointworm. This is caused either by the emergence of females 
over several days, or by the survival of individuals for 5 or 6 days. 
A period of 1 day’s growth may serve to render a lower internode 
unsuitable for oviposition. In the meantime the internode imme- 
diately above may become suitable for oviposition. It would be 
misleading, therefore, to say that any particular internode of the 
wheat culm is preferred by the female for oviposition. Any inter- 
node may be selected in which the meristem is in a stage of develop- 
ment acceptable for oviposition. 

It is obvious from the foregoing statements that a delicate balance 
exists between the period of emergence of Harmolita tritici and the 
development of the meristematic regions of the internodes in the 
host plant. Plants that are small and medium sized at the time of 
wheat jointworm emergence are therefore more likely to have their 
meristematic regions in the stage attractive for oviposition. In a 
large stem the leaf sheath is thicker, and the vascular bundles lie 
deeper in the culm, making it more difficult for the insect to reach 
the vascular tissues in which to place her eggs. It should be practi- 
eal, therefore, to hasten the growth of wheat in the spring by fertili- 
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zation, or otherwise, so that the plants would be too far advanced in 
growth to be in a condition attractive for oviposition when the adults 
of the jointworm emerge. Failing in that, the advanced stage of 
growth thus induced would oblige the adults to oviposit so high up 
in the stem that the galls would be removed with the straw by the 
reaper at harvest and thus their occupants would no longer be a 
threat to the succeeding crop. Under average conditions the majority 
of the galls are so near the ground that they are left in the stubble 
at harvest. 


COMPARISON OF THE MERISTEMATIC REGIONS OF WHEAT PRODUCED IN KANSAS, 
INDIANA, AND VIRGINIA AS RELATED TO OVIPOSITION 

After it was learned that the condition of the meristematic regions 
of the internodes governed oviposition, it was decided to compare 
wheat plants from Kansas, where Harmolita tritici does not occur, 
with plants from Indiana and Virginia, where Harmolita tritici has 
caused considerable injury to the wheat crop. 

Arrangements were therefore made with the Federal entomological 
laboratories at Wichita, Kans., and Lafayette, Ind., to preserve 
whole plants in formalin-alcohol-acetic fixative solution. Wheat 
plants grown in Virginia were preserved in a similar manner. At 
2-day intervals during a period of 18 days, starting a few days before 
emergence of Harmolita tritici adults and ending after the approxi- 
mate hatching period for the eggs, 50 plants were collected from a 
field of a variety commonly grown in each locality, and preserved. 
In Kansas, the time of collection and preservation of stems was 
based on the emergence of a closely related species, /7. grandis form 
grandis, which occurs in Indiana and Virginia as well as in Kansas. 

The wheat plants from the several localities were examined at the 
same time at the Charlottesville laboratory, and it seemed, from 
external appearances, that there were nodes in the proper stage of 
development for oviposition in all the samples, although the Kansas 
plants were below the average height and diameter of those from 
Virginia and Indiana. In this respect it appeared that the Kansas 
plants might be the more suitable for oviposition. A difference 
between them and the plants of more eastern origin was found in the 
firmness of the meristem. This part in the Kansas plants was so 
firm that it could scarcely be crushed between the forefinger and 
thumb, whereas in the Indiana and Virginia plants the meristem was 
spongy and crushed under slight pressure. 

Present knowledge of the responses in the tissues of the meristematic 
regions at the nodes of the wheat plant during gall formation plainly 
shows that tissues such as those in the Kansas wheat are in a hardened 
condition and unsuitable for oviposition at the time of emergence of 
Harmolita tritici. Moreover, should the insect succeed in ovipositing 
in such culms the hatching larvae, in all probability, would not 
survive. 

It is not known at present whether this condition of the meristem 
in the Kansas plant is due to a varietal or a climatic difference. The 
main point of interest and importance is that this characteristic 
undoubtedly makes wheat plants grown in the winter wheat belt of 
Kansas either unacceptable to Harmolita tritici for oviposition, or 
unsuitable for larval development, or, perhaps, both. If this be true 
of the Kansas area it is probably true of other sections in the winter 
wheat belt of the United States where Harmolita tritici does not occur. 
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EFFECT OF OVIPOSITION ON THE PLANT AND SPACING OF THE LARVAE IN THE 

INTERNODE 
The effect of oviposition on the plant tissue is almost negligible, 
insofar as its normal functions are concerned. The oviposition 
punctures heal, and scar tissue is found in the path of the ovipositor 
(fig. 5, #). The tissue heals around the eggs, and at the end of a few 
days the latter appear as inert foreign material embedded in normal 
tissue (fig. 6, A and D). Many of the cells immediately above the 
egg, however, lese their polarity, owing to the disturbance at the 
time of oviposition (fig.6,.A). If the eggs are dissected from the stem 
just before hatching time there does appear to be the beginning of a 
gall, although in reality this is simply a cavity in the tissues made by 
the ovipositor, somewhat larger than the egg, which has completely 
healed over. 

Apparently the normal amount of cell division and other activities 
proceed as usual after the eggs are placed in the tissues. A few of the 
cells in the meristematic regions at this time show two nuclei (fig. 
6, B and C). As the cells of the meristematic region divide and 
increase in length, the eggs, not being deposited in exactly the same 
horizontal plane, are carried upward various distances in the tissues, 
and when the larvae are full grown there may be from 1 to 2 inches 
difference in height between the lowest and highest placed larvae in 
the same internode (fig. 1, F). 


SEASONAL HISTORY OF THE GALL 
HATCHING AND FEEDING OF FIRST-INSTAR LARVAE 


The egg is placed in the tissues with its petiole extending down the 
stem, and when it hatches the larva also has its head pointing down 
the stem. The larva apparently ruptures the shell with its delicate 
mandibles at the union of the petiole and the main body of the egg. 
The shell is not cast off at once, and the larva feeds head downward, 
at the point of rupture. From dissections made at this time, it 
appears that the young larva is bathed in plant sap. It is not defi- 
nitely known whether some of the surrounding cells are pierced by 
the mandibles of the first-instar larva, in order to maintain a constant 
flow of sap, or whether this activity is unnecessary at that time. 
There is a well-developed digestive tract, even in the first-instar 
larva, and the greenish, chorophyll-tinted food in this tract is plainly 
visible through the body wall. Serial section mounts show that 
there is no perceptible accumulation of deeply stained matter around 
the margin of the larval chamber, such as is always present in later 
instars, indicating that it may not be necessary in the first instar for 
the larva to puncture the cells in order to obtain sufficient nourish- 
ment. 

BEGINNING OF GALL FORMATION 


By the time the jointworm egg hatches, an uninfested internode 
of the same stage of development as the infested one has ceased cell 
division, and normal length and diameter are very soon attained by 
growth of the cells. When the larva starts feeding, the cells in the 
immediate vicinity suddenly become very active and increase mark- 
edly in size, the nuclei and nucleoli enlarge greatly, the protoplasm 
becomes very dense, and the walls are thin (fig. 7, A). Just beyond 
this region, which is only 2 or 3 cells deep, the cells begin to divide 
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FIGURE 5 


(For explanatory legend see opposite page) 
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(mitotically) rapidly. This change occurs in the vicinity of all 
larvae, regardless of their position with relation to the meristem. 
For example, figure 8 shows a larva located a considerable distance 
up the internode, well out of the active meristematic region, yet cell 
division is proceeding as rapidly as in the vicinity of larvae located 
much nearer the node. 

Figure 9, C, shows recently divided cells lying just outside the area 
of enlarged cells but immediately surrounding the larva. Note in 
this figure that these divisions may take place in any plane and that 
this results in cells of various shapes. Thus, the lack of normal 
polarity of some cells caused by oviposition (fig. 6, A), in addition 
to the very rapid growth of the cells immediately surrounding the 
larva, causes the cells in the gall tissue to become irregular both in 
shape and in arrangement. Figure 9, B, shows normal tissue located 
outside the gall area. Note how regular these cells appear. Figure 
9, A, shows normal tissue at time of oviposition. Figure 8, A and B, 
shows a newly hatched larva, well up the internode, that has induced 
active cell division. Under normal conditions no further cell division 
would take place in this region. In other words, the immediate 
results of hatching and feeding of the young larvae are hypertrophy 
and hyperplasia, provided the tissues are still plastic enough to 
respond to the stimuli. Where the tissues are too old, the result is 
simply hypertrophy, and the larva starves and eventually dies (fig. 
4, A and PD), since the tissues are then unable to deposit sufficient 
food materials to nourish it. It is a fact well known to students of 
gall tissues, that a gall-producing larva cannot stimulate old tissues 
into activity. 

ACTIVITY DURING THE SECOND INSTAR 

Before the second instar is reached, cell division ceases and all 
later growth is by simple hypertrophy. The cells in the immediate 
vicinity of the second-instar larva become very much larger than in 
the case of the preceding instar (fig. 7, A and B), and the cells asso- 
ciated with succeeding instars are progressively larger (fig. 7, C). 
Figure 10, A, shows some of the cells in the food-tissue zone of the 
third instar more highly magnified to illustrate the density of the 
protoplasm. By examining figure 10, E, the great contrast between 
the gall tissue and normal tissue will be seen. The nuclei and proto- 
plasm have the same general appearance, except that the nuclei and 
nucleoli are very much larger and the nucleoli are of irregular shapes 
in later instars (fig. 10, B, C, D). These cells are what the European 
writers on insect galls have called “food tissue.”” There is no definite 
number of layers of such cells about a larva nor are they arranged in 
any particular direction as in some of the cynipid galls; they have 
lost their normal arrangement and point in various directions (fig. 4, 
F), although the general trend of the long axes of the cells is vertical 
(fig. 7, A and B). 





EXPLANATORY LEGEND FOR FIGURE 5 


A, Part of a transverse section that contained a normal second-instar larva and an unhatched egg, X 75. 
Egg may be seen in the upper right corner. B, Unhatched egg highly magnified (xX 400), showing 
that the egg is surrounded by parenchymatous tissue, whereas the larva shown in A has the normal 
gall tissue developed about it. C, Unhatched egg in part of a transverse section in which normal 
third-instar larvae were also present. Note that the parenchymatous tissue surrounding this unhatched 
egg is now thick-walled and lignified, X 112. D, Part of a longitudinal section containing a dead second- 
instar larva. Note that the cells surrounding the larva have changed from the normal food tissue cells 
to the parenchymatous type, X 100. Z, Scar tissue developed in the path of the ovipositor, 9 days after 
oviposition. No gall tissue has developed here, X 64. 
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FIGURE 6.—A, Longitudinal section through an egg 7 days old. Note that the cells above the egg have lost 
their normal polarity, X 180. B and C, Cell with two nuclei from tissue containing eggs 9 days old; 
B, X 1,030; C, X 790. D, Cross section through an egg 9 days old. Note that the plant cells have closed 
the cavity about the egg, and the vascular bundle in which it was originally placed no is longer recog- 
nizable, X 115. 
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Every vascular bundle that contains a larva is entirely disinte- 
grated. In case the internode contains as many as 15 or 16 larvae, 
the vascular tissue will have almost entirely disappeared. The vas- 
cular tissue that may be found in such gall tissue consists of a few 
irregular bundles, all of which may be pushed to one side of the stem 
(fig. 11, A and B). These bundles are not parts of vascular tissue 
originating in the new gall tissue. Therefore, practically al) food 
materials that pass through this area must apparently be largely 
transferred through the gall-tissue cells, as the normal vascular 
system no longer exists. Naturally this derangement in the vascular 
system is a great hindrance to the plant and a serious drain upon its 
resources, as is indicated by the fact that the yield from infested 
plants is much less than from normal plants of similar size. 

As practically all of the vascular bundles are destroyed in the 
infested portions of the internodes, the culms become very weak at 
these points, and consequently a windstorm or heavy rain will cause 
the infested culms to fall or lodge. This will occur only during the 
first or second instar of the insect, since in the later instars the gall 
has a large amount of modified supporting tissue developing in it 
(fig. 12, B). Frequently the weight of the culm alone will cause the 
internode to loop (fig. 1, F) in the gall area where the vascular bundles 
have been destroyed. The heads and galls of fallen or lodged plants 
frequently escape the harvester. This permits the galls to remain as 
a source of infestation in the following season. 

By the time the larvae have reached the second instar, the internode 
within the gall area is usually completely filled with thin-walled, 
parenchymatous gall tissue. This gall tissue arises mainly from the 
parenchyma, but partly from the phloem, during the first larval 
instar. No further cell division was observed during the later 
instars, the gall tissue increasing in volume by hypertrophy. 

During the second instar the walls of the cells bordering the so-called’ 

“nutritive zone” (toward the center of the stem) begin to thicken and 
show pits (fig. 12, A). Lignification begins at this time. The condi- 
tion of the nuclei and cytoplasm of these cells indicates that they are 
active, living cells. 
_ As previously stated, when the larva breaks through the eggshell 
its head points down the stem. In the course of the second instar it 
reverses its position within the larval cell, and in all following instars 
its head points up the stem. 


ACTIVITY DURING LATE INSTARS 


As the larva grows older its mandibles become larger and more 
heavily chitinized and sclerotized with each molt, and it continues to 
puncture cells of the food tissue and to devour their contents. During 
the first and early second instars the main difference in the cells in 
the gall area is that the cells in the immediate vicinity of the larva are 
larger and more heavily charged with food material. All the gall 
cells are thin-walled at this time. The cavity occupied by the larva 
increases in dimensions through the destruction of the cells of the 
food tissue surrounding it, and the size of the larval cavity apparently 
keeps pace with the requirements of the growing larva. There is 
always a deep layer of rich food tissue about the larva regardless of 
the number of cells destroyed for food, and a constant supply of such 


» | > 
~ is 
a 


i 
i 

¥ * 
«A 


4 





reb. 15, 1935 Morphology and Biology of the Wheat Joint-Worm Gall 375 


tissue is maintained by the enlargement of the cells already present. 

Cell division is not a factor in the maintenance of this food tissue. 
As the larva and plant increase in age the condition of the cells 

shown in figure 12, A, becomes more pronounced (fig. 12, C). These 
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FIGURE 8 i, Longitudinal section through an internode containing an early first-instar larva that was 
feeding but had not cast off the entire eggshell. The larva is the long, dark object on the right near the 
top. The wall of the internode is thicker at this point and the larva is quite a distance above the node, 
X 26.4. B, Mitotic cell division in the vicinity of the larva. This is the stage when hypertrophy and 
hyperplasia occur at the same time, « 850. 


cells originate from the parenchymatous gall tissue, starting near the 
center of the stem and from those cells farthest from the larva (fig. 12, 
B). This lignifying tissue advances progressively toward the larval 
cavity until the food tissue is only 3 or 4 cells deep by the time the 
larva becomes full grown (fig. 11, B). Very shortly after the larva 
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FIGURE 9.—A, Meristematic tissue at the time eggs are deposited, x 220; B, normal parenchymatous 
tissue outside the gall area in an internode with first-instar larvae, X 220; C, cells in the gall area near 
a first-instar larva, X 250. 
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stops feeding, all the tissue surrounding the larval chamber becomes 
lignified, and by the time the wheat is harvested this lignified gall 
tissue, with the exception of a thin layer around the larval chamber, 
has become as hard as white oak wood, instead of being in the normal 
condition of an uninfested stem as shown in figure 13. 

The larva always maintains a very thin wall of cells between itself 
and the outside of the stem, and the full-grown larva is always found 
with the ventral surface of its body toward the outside of the stem. 
When, therefore, the adult casts off the pupal skin, the insect is 
ready to gnaw its way out through a very thin wall. 

There is no indication that fecal matter is discharged into the 
larval cell or chamber at any time during growth. The larva changes 
to a prepupa in November and December, and the fecal matter is 
discharged at that time. 

About a month elapses from the time the eggs are deposited until 
the larvae become full grown. The eggs hatch in about 12 days, 
which is almost half of this entire period. The first and second 
instars require about 5 days each, making 22 days from oviposition 
to the beginning of the third instar, and the remaining instars are 
completed in about 8 days. 

It is interesting to note that this acceleration in development 
coincides with the rapid maturing of the wheat plant. If the last 
instars required as long as the first two, the larval period would 
then be carried beyond the maturity of the plant, and the larva 
would perish from lack of nourishment. 


MICROCHEMICAL TESTS 


As a matter of interest, a number of chemical tests were made 
of the gall tissue in serial sections on slides, according to Zimmer- 
mann’s technic (/2). Tests made for the presence of tannin and 
starch gave negative results; those for protein, cellulose, and lignin 
were positive. The contents of the cells in the food-tissue zone gave 
the positive test for protein, the cell walls in this zone gave the 
positive test for cellulose, and the thick-walled cells in the more 
mature gall tissue reacted to the lignin test. 


ZONES IN GALL TISSUE 


European and North American students of gall tissue state that 
several fundamental zones of tissue are found in insect galls, although 
they do not agree on the exact number. Cosens (2, p. 354) states 
that the cynipid galls have 3 or 4 zones, mostly 4; Kiister (7) found 4; 
Weidel (17) and Ross (9) illustrated 4; Kinsey (6, p. 40) states there 
are, with a few exceptions, 5. According to Kinsey’s interpretation, 
both Weidel’s and Ross’ illustrations may be construed as having 
5 zones. 

The wheat jointworm galls form within the internodes of the 
culms. Wheat stems do not have as many different kinds of tissue 
as do the leaves and twig tips of oaks; nor have the //armolita galls 
as many tissue zones as the cynipid galls. Indeed, there are no 
sharply defined concentric tissue zones in the galls of //. tritici as 
have been described and illustrated for the cynipid galls. The gall 
tissues in the former arise partly from phloem, but mainly from the 
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FIGURE 10 i, Cells in the food tissue near the third-instar larva, highly magnified (X< 275) to show the 

& dense protoplasm and large nuclei. B, C, and D illustrate the peculiar shape of the nucleoli of some of 
the cells in the nutritive zone, X 580. E, Normal parenchymatous cells outside the gall area of third- 
instar larvae, X 580 
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parenchyma, and fill the pith cavity. As is shown in the longest 
segment in figure 1, F’, there is usually little external evidence of 
galls in wheat stems. 

Ross’ figure (9) of the gall on Ficus indicates that Harmolita galls 
on such plants are very similar to cynipid galls. 

There are apparently no other galls mentioned in literature similar 
to jointworm galls on wheat stems. Most insect galls usually involve 
the leaves, petioles, veins, or leaf buds, whereas the wheat jointworm 
galls involve the main stem of the plant. There is no pith cavity 
in the gall area of the internode, the entire stem at this point being 
filled with gall tissue. There may be as much as 2 inches of the 
internode thus involved and, occasionally, in heavy infestations, 2 
or 3 internodes may be infested. It is obvious, therefore, how 
seriously this gall tissue affects the normal functions of the plant. 

The epidermis and sclerenchyma are changed very little during 
the process of gall formation, although these cells later become very 
thick walled and lignify (fig. 11, A and B). The parenchymatous 
cells immediately surrounding the larval chamber become heavily 
charged with very dense protoplasm and form what is known as the 
nutritive zone. There does not seem to be any definite number of 
cell layers to this zone, and there is no definite arrangement of these 
cells; in fact, a large number of the cells in the gall area lose their 
polarity as shown in figure 7, A and B, although the general trend is 
vertical. In the later larval instars these parenchymatous cells 
become thick walled, pitted (fig. 12, A and B), and lignified. The 
sclerenchymatous cells, just below the epidermis, and the epidermal 
cells also become thick walled and lignified. In the earlier instars 
of the insect, between the larval chamber and the epidermis are 
found the nutritive, the parenchymatous, and the sclerenchymatous 
zones. In other words, according to Kinsey’s nomenclature, there 
are in the second larval instar 4 zones from the outside of the stem 
to the larval chamber, and 3 zones from the larval chamber to the 
center of the stem (fig. 11, A). When the gall tissue and the wheat 
plant are thoroughly mature there appear to be two zones of lignified 
tissue—a hard zone immediately surrounding the larva, and the 
remainder of the gall, which is very much harder. 


THE GALL STIMULUS 


_ Beyerinck (1) has stated that the initial stimulus of gall formation 
is a secretion from the poison glands introduced into the tissues with 
the ovipositor, and has figured a well-developed gall in which neither 
egg nor larva was found. Magnus (8) has stated that the secretion 
of the poison glands was without significance; that the start of gall 
formation was coincidental with the wounding of the tissue in ovi- 
position; that the second impetus came with the feeding of the larva; 
and, further, that the gall tissue ceased development with the death 
of the larva. Cosens (2, p. 371) has stated that the larva secretes 
an enzyme that is the active agent in gall formation. Kinsey (6, p. 37) 
believes that the precise source and nature of the gall-producing 
stimulus are not known but thinks “it partakes of the nature of an 
enzyme or hormone produced by some particular insect structure.” 
Magnus (8) terms ‘Galligenes Organ” the short appendage at the 
posterior pole of the egg of the Harmolita from galls on Ficus spp. He 
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FIGURE 11.—A, Part of a transverse section through the gall tissue around a second-instar larva, illustrat- 
ing the lack of vascular tissue, the food-tissue zone with the cells filled with rich food material, the thick- 
walled cells developing deeper in the gall tissue, and the manner in which the epidermal and the schler- 
enchymatous cells have been modified, < 50; B, part of a transverse section through the gall tissue at the 
time the larva is full grown, X 36. Note that practically all the tissue has lignified except the thin layer 
of food tissue around the larva. Note also that there are only a few small vascular bundles present. 
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suggests that a gall-forming irritant may pass out through it from the 
egg into the surrounding tissues. Magnus finds that several col- 
loidal stains will readily pass into this appendage and diffuse to other 
parts of the egg. He also states that a large amount of gall tissue 
forms before the egg hatches. Ross (9) says that little is known about 
the gall-making irritant (Reizwirkung); that there are different kinds, 
some chemical, which arise mostly in the salivary glands and function 
as a kind of enzyme. Ross further states that there is a wound 
irritant (Wundreiz) that plays an important part in gall formation. 

Apparently no gall-producing stimulus is introduced into the plant 
tissues at the time of oviposition by Harmolita tritici. This is clearly 
indicated by the fact that unhatched eggs about which no gall tissue 
had formed were found in tissues near second- and third-instar larvae 
(fig. 5, A, B, and C), whereas normal gali tissue had formed about the 
larvae. Furthermore, the condition of the cells in the vicinity of 
eggs 9 days old and of those in the vicinity of the eggs just mentioned 
appears to be the same (figs. 5, B; 6, D). As soon as the eggs hatch, 
gall tissue forms rapidly. Should the larva die for some cause after 
the gall tissue had formed about it, the food tissue ceases to function 
as such (fig. 5, D) and becomes modified parenchymatous tissue. It 
is obvious, therefore, that the presence of a living larva is necessary 
for the formation and continuance of gall tissue. 

Smith (10, pp. 177, 183, 184) has shown that there are many sub- 
stances, both alkaline and acid, that will cause proliferation of cells 
when introduced into the tissues of plants at the proper dilution. 
He says: 

From these experiments there can be no reasonable doubt, I think, that any 
soluble substance whatever, except a killing, a plasmolyzing or an oxygen- 
absorbing substance, if continually liberated in excess locally in tissues, would be 
competent to induce tumor formation. 

He also says: 

* * * JT think I have established my original hypothesis, viz, that dilute 

ammonia causes intumescences and have rendered it probable that ammonia 
liberated within the cell in small quantities by the imprisoned bacteria must be 
one of the causes of the excessive and abnormal cell proliferation in crowngall. 
Probably amin compounds also help to determine it. Since an acid and alcohol 
are likewise produced by the crowngall bacteria and this alcohol and this acid 
as well as many other acids) in pure dilution and also in combination with 
ammonia caused galls or intumescences in my experiments, the acid (or acids), 
the alkalies, and the alcohol must, I believe, act together in producing the tumors, 
and osmotically rather than chemically. * * * 
_ To conclude, it would seem, therefore, that in local osmotic action (possibly 
In some stages chemical action also) of various substances (aldehyde, acetone, 
alcohol, acids, alkalies) thrown into cells and diffusing from them in various 
directions, as the result of the metabolism of a feeble intracellular parasite or 
symbiont together with the resultant countermovements of water and food 
supply we have, in crowngall at least and presumptively also in animal neoplasms, 
the explanation of tumor growth—that is, of that extensive multiplication of cells 
in opposition to physiological control which has so long puzzled pathologists and 
all students of overgrowths. 

If the byproducts of metabolism of the crowngall organism, and 
various acids and alkalies, can cause tumor growths in plants, there 
would seem to be no valid reason why the byproducts of metabolism 
of larvae alone, when continuously liberated in plant tissues, would 
not produce galls. It also seems probable that irritation resulting 
from the larvae puncturing the cells of the food tissue might be a 
contributing cause. 
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FIGURE 12 i, 


Part of a longitudinal section through gall tissue around second-instar larvae; note that 
this tissue is becoming thick-walled, and pits are present in the walls, < 400. 3B, Part of a longitudinal 
section through gall tissue around third-instar larvae; a part of the tissue between the larvae has become 
thick-walled and is lignifying, X 25. C, a few of the thick-walled cells shown in B, highly magnified to 
show the thick walls and the numerous large pits, * 400 
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Figure 13.—A, Transverse section of a normal internode of a wheat culm at the time the jointworm larvae 


fe that would be full grown, X 20. Note the number, the size, and the regular spacing of the vascular bundles 
udinal as “es with those in gall tissue illustrated in figures 4and 11. 3B, A part of the section represented 
recome in A, X 170. 
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DISCUSSION 


Entomologists have speculated for years as to the reason why 
Harmolita tritici does not occur west of central Missouri and in the 
Great Plains area. This insect has been known as a serious pest 
since 1848, and there has been ample opportunity for it to spread into 
this territory, either by natural means or through the avenues of 
commerce. ‘The writers believe that this appare ntly strange phenom- 
enon is explained by the facts presented in this paper. T he explana- 
tion is very simple. Either the meristematic regions of the wheat 
culms at the oviposition period are too hard and tough to be acceptable 
for oviposition in these uninfested areas, or, should Oviposition occur, 
the larvae fail to reach maturity through causes explained in the 
foregoing discussion. 

It is not known at present whether the early hardening of the 
meristematic region of the internodes in the Kansas wheat plants is 
due to climatic or varietal differences. If it is varietal, this character 
could perhaps be transferred to varieties grown in the Eastern and 
Central States. However, whether this be practical or not, it is 
known that the insect requires very soft meristematic tissue for ovi- 
position. Therefore, it should be possible through fertilization, or 
otherwise, to force the growth of the wheat beyond the attractive 
stage before the adults of the jointworm emerge. Failing in that, it 
should be practical so to accelerate the growth that oviposition will 
occur high up the culm. The galls would then be removed by the 
reaper at harvest and the suce eeding infestation thus greatly reduced. 


SUMMARY 


A study of the gall development in wheat stems following attack by 
Hlarmolita tritici indicates that the absence of the insect from the 
Kansas and western Missouri wheat fields is due to the character of 
the stem in wheat grown in this immense district. 

The female locates the vascular bundle in the stem just above an 
unexposed node by probing for the xylem tubes, and places but one 
egg in any vascular bundle. 

It is difficult for the lancelike ov ispositor to pierce the leaf sheath 
and stem of the wheat plant, consequently the female usually refuses 
to oviposit in any except the very delicate tissue in the meristematic 
region just above the node. The larvae do not survive when the egg 
is placed in older and tougher tissue. 

As many as 5 or 6 eggs may be deposited through a single external 
oviposition puncture, and three such punctures may be made at the 
same node in practically the same horizontal plane. Eggs are placed 
only in or near the phloem of the vascular bundle. This is the only 
gall-making insect that the writers know to have this habit. 

The most favorable temperature for oviposition is about 80° F. 
Under the most favorable conditions the females will deposit the 
majority of their eggs and die at the end of about 2 days after emer- 
gence. 

In the Kansas wheat it was found that the meristematic region at 
the node thought to be susceptible to oviposition was so tough and 
hard as, doubtless, to be unsuitable. Should oviposition occur in 
such tissue, the cells would not respond to the stimuli essential for 
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the development of the normal gall tissue necessary for the nourish- 
ment of the larvae of //armolita tritici. This explains why this insect 
does not occur in the Kansas wheat helt and, perhaps, in certain parts 
of central Missouri. 

Unhatched eggs remain as inert foreign substance embedded in the 
tissue. This strongly indicates that the female does not inject a 
stimulating substance into the tissues at the time of oviposition to 
initiate the production of gall tissue. 

Hyperplasia and hypertrophy start at once upon hatching of the 
eggs, and cell multiplication is by mitosis only. Hyperplasia ceases 
after the first instar, and is succeeded by hypertrophy. Gall tissue 
arises partly from the phloem but mainly from the parenchyma, and 
the cells in the gall area lose their normal polarity. There is no pith 
cavity in the part of the internode within the gal! area, this section 
of the internode being filled with gall cells. Practically all the vascu- 
lar tissue is destroyed in this region also, and this greatly interferes 
with the normal functions of the plant. There are no concentric 
lavers or zones in the gall tissue as is common in the cynipid galls. 
The entire region lignifies and becomes hard by the time the larvae 
are full grown. 

The gall stimulus is apparently due to byproducts of larval metabo- 
lism and, perhaps, to mechanical irritation. 

It should be possible to so accelerate the growth of wheat in the 
early spring, by fertilization or otherwise, that the plants would be 
unacceptable for oviposition or unsuitable for larval development at 
the time of attack. Even if this failed, the additional growth caused 
by such measures would cause the galls to be located so high up on the 
culms that they would be removed by the reaper at harvest and thus 
vreatly reduce infestation in the following crop. 
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